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Abstract: 20 
Alcohol exposure during pregnancy has been studied extensively and it is now well 21 
established that prenatal alcohol exposure can have mild to severe detrimental 22 
effects to the developing brain and circadian rhythms in offspring. What has not been 23 
established, is the impact of maternal alcohol consumption during the 24 
periconceptional period and its effects on long term cognitive and circadian 25 
outcomes. Taking into consideration that almost half of pregnancies are unplanned, 26 
and the average time point of pregnancy recognition is 30 days, women are 27 
unknowingly consuming alcohol around the time of conception. Therefore, it is the 28 
aim of this thesis to firstly understand how periconceptional alcohol exposure (PCE) 29 
affects long term cognitive outcomes in offspring – particularly anxiety, learning and 30 
memory, and secondly, to investigate the role of PCE on long term offspring 31 
circadian biology. With incidences of mental disease and other altered behavioural 32 
patterns pertaining to hyperactivity, altered sleep patterns, mood disturbances, poor 33 
memory and learning disabilities on the rise, it is important to further explore and 34 
understand the impact PCE has on these disabilities.   35 
Outbred female Sprague Dawley rats were given a liquid diet of 12.5% v/v ethanol 36 
(PC:EtOH) or control diet from four days before mating until four days after mating. 37 
Rats were then returned to standard lab chow and littered down naturally.  At 3 38 
months of age, a subset of offspring from each litter were assigned to behavioural or 39 
circadian studies with brain regions collected for mRNA and protein analysis. The 40 
first study of this thesis aimed to investigate the effects of PC:EtOH exposure on 41 
long term cognitive function; including memory and anxiety. Separate cohorts of 42 
animals were tested at 6 months (adult) or 15–18 months of age (aged). Offspring 43 
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underwent a series of behavioural tests to assess anxiety, spatial and recognition 44 
memory. The hippocampus was collected, and mRNA expression of epigenetic 45 
modifiers and genes implicated in learning and memory were examined. PC:EtOH 46 
exposure resulted in a subtle anxiety like behaviour in adult female offspring with a 47 
significant reduction in directed exploring/head dipping behaviour during holeboard 48 
testing. In aged male offspring, PC:EtOH exposure resulted in a tendency for 49 
increased directed exploring/head dipping behaviour during holeboard testing. Aged 50 
female offspring exposed to PC:EtOH demonstrated short term spatial memory 51 
impairment. PC:EtOH resulted in an upregulation of hippocampal mRNA expression 52 
of genes implicated in learning and memory at 18 months of age along with 53 
increased expression of epigenetic modifiers. This demonstrates that PC:EtOH can 54 
lead to sex specific anxiety-like behaviour and impairments in spatial memory and 55 
altered hippocampal gene expression. 56 
The second study aimed to investigate the effects of PC:EtOH exposure on core 57 
clock genes that comprise the circadian clock mechanism in the suprachiasmatic 58 
nucleus (SCN). Overall, the temporal patterning of SCN rhythms was altered for 59 
clock, BMAL1, cry 1, cry 2, and per 1 differentially in female and male PC:EtOH 60 
offspring over a 24-hour period. Collectively, these findings suggest that 61 
PC:EtOH exposure produces permanent alterations to the molecular clockwork 62 
that mediates the global function of the SCN and this may have implications in 63 
circadian disruptions associated with long lasting negative physiological 64 
consequences. 65 
The third study aimed to understand the long-term effects of maternal PC:EtOH  66 
exposure on behavioural circadian rhythms in offspring during a standard 12- 67 
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hour light: dark cycle and following an abrupt phase shift to the light: dark cycle.  68 
We found that PC:EtOH exposed offspring displayed differences in overall 69 
running wheel activity both pre and post phase shift in a sex-specific manner.  70 
Overall, activity was almost two-folds higher during the subjective day and night 71 
in female PC:EtOH offspring as compared to control offspring during the baseline 72 
period . Male offspring exposed to PC:EtOH displayed a decrease in running 73 
activity, with a loss in overall rhythmicity over 24 hours as compared to their 74 
control counterparts.  In response to a new light cycle, running wheel activity in 75 
female PC:EtOH offspring was typically much less as compared to running wheel 76 
activity during the pre-shift interval. In male PC:EtOH offspring, the activity 77 
rhythm in response to the new light cycle  was typically much larger with an 78 
almost two-fold increase in overall activity as compared to activity during the pre-79 
shift interval. Our running wheel activity results both pre and post light shift 80 
suggests that PC:EtOH exposure produces alterations in patterns of circadian 81 
running wheel behaviour, which may be associated with long lasting physiological 82 
consequences to sleep/wake cycles and long term behavioural circadian 83 
rhythmicity.   84 
This thesis shows that alcohol only around the time of conception can have an 85 
impact on offspring health throughout life. This has significant clinical implications 86 
when addressing long term health problems in children who may have been 87 
exposed to levels of alcohol during the early period of development. 88 
 89 
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Alcohol is a psychoactive substance with dependence-producing properties that has 567 
been widely used in many cultures for centuries. The harmful use of alcohol causes 568 
a large disease, social and economic burden in societies. Drinking alcohol is 569 
associated with a risk of developing health problems such as mental and behavioural 570 
disorders, including alcohol dependence, major noncommunicable diseases (NCD) 571 
such as liver cirrhosis, some cancers and cardiovascular diseases (WHO, 2017). A 572 
report from the Australian Bureau of Statistics (ABS) in 2015-2016, indicated alcohol 573 
consumption was at 9.7 litres of pure alcohol per capita, an increase from the 9.52 574 
litres reported in 2016 (ABS, 2017). It has also been estimated that alcohol-related 575 
problems cost the Australian economy $14.35 billion a year, with 11.7% of this 576 
money being costs to the health system (Manning et al, 2013).  577 
One of the biggest concerns of alcohol is its intake by women of reproductive age, 578 
with a recent survey showing of the ~70% of Australian women who consume 579 
alcohol, the average intake was 3.5 standard drinks a day (Yusuf & Leeder 2015). 580 
This is quite alarming when taking into consideration ~50% of pregnancies in 581 
Australia are unplanned, coupled with the average time point of recognition of 582 
pregnancy at four weeks. It is already well established that children exposed to high 583 
levels of alcohol in utero develop a range of deleterious outcomes including alcohol 584 
related birth defects (ARBD), partial fetal alcohol syndrome; and on the most severe 585 
end of this spectrum fetal alcohol syndrome (FAS) (Jones & Smith 1973) 586 
(Kodituwakku 2007). Other in utero environmental exposures such as smoking, 587 
lifestyle and nutritional factors have also been associated with an increased risk of 588 
the fetus developing a number of disorders later in life (De Boo & Harding 2006). 589 
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A time point of development which is gaining considerable interest is the 590 
periconceptional (PC) period. This PC period includes pre-conception events 591 
occurring prior to fertilisation of the oocyte by the sperm, including oocyte 592 
maturation, ovulation, and post fertilisation in the pre-implantation period (Colvin et 593 
al., 2007). The PC period has been established to be a critical window that can 594 
cause developmental programming of adult disease (Kwong et al., 2006). However, 595 
what has not been established or studied extensively is the impact of maternal 596 
alcohol consumption during the PC period and its effects on long term outcomes. 597 
This is warranted taking into consideration the high rates of unplanned pregnancies 598 
and daily alcohol consumption, as it is likely that early pregnancy is the period of 599 
highest intake for women who are unaware of their pregnancy. Furthermore, given 600 
that mental disease and other altered behavioural patterns pertaining to 601 
hyperactivity, altered sleep patterns, mood disturbances, poor memory and learning 602 
disabilities are on the rise (ABS, 2013), it’s imperative to investigate if women 603 
drinking during the PC period and prior to pregnancy recognition has long term 604 
consequences for the health outcomes of their children.  605 
1.1  Alcohol consumption in Australia 606 
In 2014 - 2015 a National Health Survey reported 80.6% of Australians aged 18 607 
years and over had consumed alcohol in the past year (ABS, 2015). Currently, the 608 
Australian guidelines for alcohol consumption recommends men and women to drink 609 
no more than two standard drinks on any day, and no more than four standard drinks 610 
on a single occasion (NHMRC, 2009). However, despite these guidelines, according 611 
to the National Health Survey, 17.4% of adults aged 18 years and over consumed 612 
more than two standard drinks per day on average, exceeding the lifetime risk 613 
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guideline. In 2014-2015, 40% of the Australian population reported at least one 614 
drinking event classified as ‘risky’ (consuming more than 4 standard drinks in one 615 
sitting) (ABS, 2015) and one in ten women (9.3%) also exceeded the lifetime risk 616 
guideline.  617 
1.1.1 Alcohol consumption during pregnancy 618 
The 2009 NHMRC guidelines recommend no alcohol consumption during pregnancy 619 
(NHMRC, 2009). However, despite this recommendation, 60% of women surveyed in 620 
Australia had drunk alcohol at some point during their pregnancy, while 23.7 per cent 621 
admitted that they intended to drink when they were pregnant (Peadon et al., 2011). 622 
Adding to this, more recent studies suggest that while women often decrease alcohol 623 
intake upon knowledge of pregnancy, up to 50-60% of women are consuming 624 
alcohol around the time of conception (McCormack et al., 2017; Pryor et al., 2017). A 625 
cross sectional trend analysis of alcohol consumption patterns during pregnancy in 626 
South East Queensland and North East New South Wales from 2007 to 2011 627 
revealed the mean age of women reporting drinking after the first trimester of 628 
pregnancy was 30.5 years of age. In contrast, the mean age of women drinking at 629 
high risk levels was younger than that of women who did not report high risk 630 
consumption or drank only in the first trimester (27.7 years). The five-year study also 631 
revealed that high risk drinking patterns at all or after the first trimester did not 632 
change after the five years. Another finding was that low alcohol consumption during 633 
pregnancy was associated with older and more highly educated women from higher 634 
income households. While in contrast, high risk consumption after the first trimester 635 
was associated with lower levels of education and single parent status (Cameron, et 636 
al., 2013). As maternal alcohol consumption can lead to severe detrimental effects 637 
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on the developing foetus, these statistics are of great concern and show that the 638 
broad public health messages from the NHMRC for the general population and high-639 
risk populations are not effectively getting across. Furthermore, women who do not 640 
plan their pregnancy are more likely to engage in moderate to high levels of drinking 641 
and are less likely to recognize the early signs of pregnancy. In Australia, it has been 642 
reported that ~50% of all pregnancies have been unintended, while the median 643 
number of days before the recognition of pregnancy is 31 (Colvin et al., 2013). 644 
Therefore, it can be assumed that a number of mothers unintentionally expose their 645 
fetus to alcohol around the PC period where critical windows of developmental 646 
plasticity are greatly increased. 647 
1.1.2 Consequences of alcohol consumption during pregnancy 648 
Exposure to maternal alcohol during pregnancy can lead to the development of a 649 
spectrum of behavioural, physical and cognitive disabilities known as fetal alcohol 650 
spectrum disorder (FASD) (Cameron et al., 2003).  This spectrum includes a number 651 
of less severe phenotypes associated with fetal alcohol exposure. Clinically, these 652 
are referred to as alcohol related neurodevelopmental disorders (ARND), and fetal 653 
alcohol effects (FAE). The severity of the outcome is dependent by the dose, timing 654 
and duration of alcohol exposure. At the most severe end of the spectrum is FAS 655 
(Kodituwakku., 2007).  656 
1.1.3 Fetal alcohol syndrome 657 
The term FAS was first coined by Jones and Smith in 1973 to describe a group of 658 
children born to alcoholic mothers. These children presented with growth retardation, 659 
characteristic facial features and central nervous system abnormalities (Jones & 660 
Smith 1973). Furthermore, these children were found to be at a higher risk of 661 
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developing attention deficit hyperactivity disorder (ADHD), sleep disorders and other 662 
antisocial and avoidant personality disorders (Brown 1991).  663 
Since the term FAS was first used, the diagnostic criteria have changed significantly 664 
and encompasses strict guidelines. The key recommendation for the diagnosis of 665 
FAS is a pattern of postnatal growth retardation, craniofacial anomalies (figure 1.1), 666 
and abnormal brain function reflected by cognitive deficits and developmental delays 667 
(Clarke & Gibbard 2003).  668 
 669 
Figure 1.1: Characteristic facial features in a child with fetal alcohol syndrome. 670 
These includes a smooth philtrum, thin upper lip, and small palpebral fissures. Other 671 
associated features may include an upturned nose, underdeveloped ears, flat nasal 672 
bridge and midface, epicanthal folds and small head circumference (adapted from 673 
Burns et al., 2014).  674 
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Among the general population of Canada, the pooled prevalence of fetal alcohol 675 
exposure was estimated to be about 1 per 1000 for FAS and 5 per 1000 for FASD. 676 
However, compared to the general population, the prevalence of FAS and FASD 677 
among the Aboriginal population in Canada was estimated to be 38 times and 16 678 
times higher, respectively. With respect to the United States, the pooled prevalence 679 
of FAS and FASD was estimated to be about 2 per 1000 and 15 per 1,000, 680 
respectively, among the general population, and 4 per 1000 and 10 per 1,000, 681 
respectively, among the Aboriginal population (Popova et al 2017). A recent paper 682 
estimates the prevalence of FASD among first-graders in 4 US communities to be in 683 
the range of 1.1% to 5.0% (Clark & Gibbard, 2003). The first population-based study 684 
of FASD in Australia was conducted in 2000 by Bower et al, who found a rate of 0,02 685 
per 1,000 non-indigenous live births and 2,76 per 1,000 indigenous live births in 686 
Western Australia. Various studies using data from states and territories across 687 
Australia have estimated rates at 0.01 to 1.7 per 1000 births in the total population 688 
(Burns et al., 2013; Lange et al., 2017). Given the limitations in collecting information 689 
on FASD, it is generally accepted that these figures are likely to underestimate the 690 
prevalence of FASD in Australia (Burns et al., 2013). Despite the evidence-based 691 
criteria that has been established for the diagnosis of FAS, many affected patients 692 
go undiagnosed even though the typical signs are displayed. This is due to 693 
physicians receiving limited education and advanced training to give sufficient 694 
consideration to the possibility of FAS when assessing children with developmental 695 
disorders or adults with cognitive disabilities (Landgraf et al., 2013). Furthermore, a 696 
common misconception among clinicians is that a child must have ‘the face’ of FASD 697 
to have the disorder. However, the three sentinel facial features (short palpebral 698 
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fissures, thin upper lip and smooth philtrum) only occur in the minority of individuals 699 
with FASD (Shelton et al., 2018). As such, FASD should be considered as a ‘whole 700 
body’ disorder as increased susceptibility to chronic health problems suggests 701 
suboptimal in utero environments places the individual at risk of later disease 702 
(Shelton et al., 2018). An updated diagnostic criteria has recently been developed for 703 
use within Australia, so it is likely that prevalence data will soon be updated (table 1) 704 
(Bower et al., 2017). 705 
 706 
Table 1.1: Australian diagnostic criteria and categories for foetal alcohol 707 
spectrum disorder (FASD). (adapted from Bower et al., 2017) 708 
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1.2 Developmental origins of health and disease 709 
The patterns of disease and mortality across the world have changed significantly in 710 
the 20th century. While we have seen reductions in infectious disease mortality, a 711 
rise in non-communicable diseases (NCD) has become apparent. The World Health 712 
Organisation (WHO) defines NCD’s as the following four diseases – diabetes, heart 713 
disease, cancers and chronic lung disease. Combined, these are the leading causes 714 
of death worldwide, accounting for around 60% of all deaths globally in 2008 (WHO 715 
2014). High fat diets, a lack of physical exercise and smoking are the main risk 716 
factors for these diseases. However, emerging evidence proposes that 717 
environmental conditions during fetal and early post-natal development can influence 718 
lifelong health and capacity through permanent effects on growth, structure and 719 
metabolism (Kundakovic & Champagne 2014). This has been referred to as 720 
‘programming’ (Buss et al., 2012) and it reflects a general principle of developmental 721 
biology, as a wide range of organs and systems may be programmed by the 722 
intrauterine environment, with the brain being a particularly prominent target for fetal 723 
programming (Buss et al., 2012). David Barker and his colleagues were the first 724 
group to allude to the ‘developmental origins of adult disease’ hypothesis, now most 725 
commonly referred to as the ‘Barker hypothesis’ (De Boo & Harding 2006). This fetal 726 
or early programming event refers to the concept that early environmental or non-727 
genetic factors can permanently organize or imprint physiological and behavioural 728 
systems. It describes the process where a stimulus or a particular insult during a 729 
critical period of development can have severe deleterious effects on the developing 730 
foetus (Zhang et al., 2005).  The Barker hypothesis primarily originated from 731 
observations by Barker and his colleagues in England, where the highest rates of 732 
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infant mortality in the early twentieth century were also coupled with the highest rates 733 
of mortality from coronary heart disease decades later (Godfrey & Barker 2001). 734 
Furthermore, the most commonly registered cause of infant death was low birth 735 
weight, leading to the hypothesis that low birth weight babies, indicative of poor 736 
growth in utero, may be at greater risk of coronary heart disease later in life. Since 737 
the Barker hypothesis was originally coined, a number of other studies have 738 
subsequently shown that many other maternal factors are able to predispose the 739 
foetus to adult disease (Vickers et al., 2000). For example, data has suggested that 740 
behavioural development and mental disorders may have a link with prenatal growth. 741 
In a population-based UK cohort study of people born in 1946, birth weight was 742 
significantly and positively associated with cognitive ability at age 8 and older 743 
(Shenkina et al., 2001). One of the most common areas of developmental 744 
programming research is that of fetal nutrition; a key regulator of fetal growth. 745 
Manipulation of maternal diet during pregnancy in numerous animal models has 746 
been shown to alter postnatal physiology similar to that seen in human studies 747 
(Alfaradhi & Ozanne 2011).  Rat models of under nutrition coupled with protein 748 
restriction has been linked to reduced birth weight, increased blood pressure and 749 
impaired glucose intolerance in offspring (Kaati et al., 2002). While intrauterine 750 
growth restriction (IUGR) has been linked to an increased risk of cardiovascular 751 
disease and hypertension, with these results also reported in guinea pigs and sheep 752 
(Barker & Bagby 2005). Together, these studies highlight and confirm the initial 753 
observations made by Barker and his colleagues, and links nutritional perturbations 754 
during gestation with altered growth and maturation of various fetal organ systems; 755 
leading to an increase risk of subsequent adult disease (Stanner et al.,1997). 756 
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1.2.1 Critical windows of development and the preconception period 757 
The developing embryo and fetus have been shown to be highly responsive to its 758 
environment (Perera & Herbstman., 2011). Since Barker and his colleagues first 759 
coined the concept of “developmental programming” most studies have focused on 760 
factors such as maternal under nutrition, smoking, high fat diets and micronutrient 761 
deficiency during critical windows of programming throughout gestation and the 762 
organogenesis period.  However, figure 1.2 shows that there are a number of other 763 
developmental windows where the embryo and fetus are at high risk of being 764 
programmed for future disease.  These include epigenetic changes in gene 765 
regulation during fertilisation, proliferation and apoptosis at the blastocyst stage, and 766 
a range of metabolic, and neuro endocrine responses during fetal growth and 767 
development. In particular, the PC period is gaining considerable interest as it is a 768 
critical epigenetic time point and includes the period immediately prior to and 769 
following conception. This temporal window is marked by cellular proliferation and 770 
development of numerous metabolic capabilities in the developing embryo, which 771 
are highly vulnerable to insults (Louis et al., 2008). 772 
 773 
 774 
 775 
 776 
 777 
 778 
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Figure 1.2: A summary of the critical windows and mechanisms underlying the 779 
programming of adult disease. Adapted from (McMillen et al., 2005). 780 
 781 
However, in order to understand the concept of PC programming, it is important to 782 
be familiar with the pre-implantation/embryonic development.  783 
1.2.2 Preimplantation and embryonic development 784 
In mammals, development begins with fertilization; the process by which the male 785 
gamete (the sperm) and the female gamete (the oocyte) unite to give rise to a 786 
zygote, and this process occurs in the ampullary region of the uterine tube. Thirty 787 
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and 40 hours after fertilization, the zygote reaches the two-cell stage and the four 788 
cells stage respectively; the 12 to 16 cell stage is reached at 3 days, and the late 789 
morula stage at 4 days (Watson 1992). The zygote then must travel from the uterine 790 
tube to the uterus for implantation as a blastocyst to occur. In humans, the fertilized 791 
oocyte reaches the uterine lumen approximately three to four days after fertilization. 792 
This time frame is referred to as “pre-implantation development” and it is by the end 793 
of this first week that the human zygote has passed through the morula and 794 
blastocyst stages and has begun implantation in the uterine mucosa (Watson & 795 
Barcroft 2001).  796 
During the pre-implantation period a number of mitotic divisions occur to allow the 797 
zygote to progress from the two-cells stage to the 16-cell stage. Firstly, once the 798 
zygote has reached the two-cell stage mitotic divisions increases the number of cells 799 
which are most commonly referred to as blastomeres (Hardy et al., 1989). These 800 
blastomeres become smaller and compact after each cleavage division allowing 801 
them to maximise cell contact and develop specialised intercellular junctions.  802 
Compaction is important during this process as approximately 3 days after 803 
fertilization the embryo divides again to form a 16-cell morula. Compaction allows for 804 
the inner cells of the morula to form the inner cell mass, and outer cells to form the 805 
outer cell mass. This process is called cavitation and signifies the beginning of the 806 
blastocystic cavity. This is a vital stage as the inner cell mass will give rise to tissues 807 
of the embryo proper, and the outer cell mass will form the trophoblast which will 808 
later contribute to the placenta (Aplin 2000). At days 4 to 7 the blastocyst reaches 809 
the uterus and “hatching” begins where the blastocyst protrudes through the zona 810 
pellucida – a glycoprotein membrane surrounding the plasma membrane of the 811 
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oocyte. Once the blastocyst has successfully “hatched” it is able to implant into the 812 
endometrium along the anterior or posterior wall. In humans, this occurs between 813 
days 7 to 11 after ovulation; however, in the rat this process starts late on embryonic 814 
(E) day 5 and is completed late on E6. Pregnancy is not confirmed until the 815 
blastocyst has successfully implanted in the uterus. Thus, the molecular, cellular and 816 
structural factors contributing to the formation of the blastocyst is critically important 817 
(Mitchell 1994). The similar temporal embryonic development between human and 818 
rat is demonstrated in figure 1.3 819 
Figure 1.3: Embryonic development between the human and rat from the 820 
fertilisation to the implantation stage. 821 
1.3 Animal models 822 
A number of experimental paradigms have been set up to mimic both low and 823 
moderate to high levels of alcohol exposure in rodents. One of which is the 824 
administration of alcohol through a free choice bottle model; a non-operant self-oral 825 
administration method (Sanchis & Spanagel 2006). Alcohol administration via this 826 
model is a non -stressful mode of delivery as it is non-invasive and simple to 827 
operate. This model is also useful in that it permits both voluntary and spontaneous 828 
intake as the animals are not forced to ingest the alcohol. Furthermore, it allows 829 
researchers to ascertain both the short and long-term consequences of differing 830 
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ethanol concentrations at varying time points. However, as alcohol consumption is 831 
voluntary in this type of model, controlling the timing and amount of alcohol 832 
consumed can become difficult. Another mode of the free choice model paradigm is 833 
the administration of alcohol via a liquid diet. This can be used as both an acute or 834 
chronic model of alcohol administration depending on the time point and dosage 835 
chosen (Ritcher & Campbell 1984). To account for the additional calories and 836 
nutritional differences from liquid diets containing ethanol, isocaloric diets are used to 837 
ensure that alcohol fed animals have similar caloric intake throughout the duration of 838 
exposure.  Administration of alcohol in the form of alcohol vapour is also a common 839 
tool used by researchers. This model is minimally invasive and allowing for the 840 
control of dose and duration as pre-determined by the administrator. As the animals 841 
are forced to consume alcohol, this model is best applied to experiments focused to 842 
alcohol dependence and tolerability (Vanderschuren & Ahmed 2013). One of the 843 
most invasive methods of alcohol administration is that of oral gavage. This 844 
procedure has the added benefits of controlling the dosage and duration of ethanol, 845 
however as the procedure itself is quite stressful a number of confounding factors 846 
are present (Turner et al., 2011). 847 
1.3.1 Animal models of prenatal alcohol exposures 848 
Animal models can be a valid and effective tool when measuring the specific 849 
outcomes of alcohol consumption. There are a number of important aspects to take 850 
into consideration, such as the species of animal used, the method of alcohol 851 
administration, and the model’s predictive validity. Since FAS was first coined in the 852 
early 1970’s researches began conducting experiments in various animal models to 853 
understand the deleterious physiological, biological and molecular effects of alcohol 854 
  
 
 
35 
 
on the developing offspring (Hannigan 1996). There is a myriad of evidence 855 
suggesting that vertebrate and invertebrate species have similar biochemical and 856 
physiological pathways to humans. However, as many animal species differ, it’s 857 
important to choose a model where embryonic development is similar to that of 858 
humans. Non-human primates are both evolutionarily and genetically closest to 859 
humans, however studying the effects of alcohol consumption on the developing 860 
fetus using this model is expensive, technically difficult and raises ethical concerns 861 
(Tabakoff & Hoffman 1998). Rodent models solve a lot of these problems as they are 862 
cost effective and have a short generation time. Furthermore, rats share a striking 863 
similarity to humans in physiology and anatomy, as they share 90% of the genome 864 
with humans making it an ideal model to study immunology, pharmacology, 865 
toxicology, nutrition, behaviour and learning (Spanagel  2002). As gestational length 866 
and the rate of fetal development vary between species, many of the experiments 867 
conducted are related back to human trimester equivalents (Patten et al., 2014). The 868 
stages of brain development are similar in both humans and rodents, except for their 869 
timing with respect to birth. The full gestation period (prenatal life) in rodents is 870 
equivalent to the first and second trimesters, while postnatal day one to postnatal 871 
day 10 corresponds roughly to the third trimester in humans (Bayer et al., 1993). 872 
Thus, exposure of rodents to alcohol during pre-and postnatal periods is expected to 873 
produce similar deficits as seen in offspring of human mothers who abuse alcohol 874 
during pregnancy. 875 
1.3.2 Animal models of periconceptional insults  876 
Studies of maternal environmental perturbations during the PC period have 877 
predominately occurred in either rodent (Watkins et al., 2008a; Watkins et al., 2008b; 878 
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Watkins et al., 2010), or sheep models (Edwards et al 2002; Gardner et al 2004; 879 
Torrens et al 2009) and have largely focused on maternal overnutrition, obesity and 880 
maternal undernutrition. These animal models have been particularly useful in 881 
identifying the underlying mechanisms that are responsible for the association 882 
between nutritional manipulation in the PC period – however, they have largely 883 
focused on the adverse effects to the cardiovascular system. Other studies have 884 
focused on the adverse effects of perturbations during the PC period to the long term 885 
cognitive and brain outcomes, however these are limited. Table 1.2 highlights 886 
studies of perturbations during the PC period and in early pregnancy.  887 
 888 
  
 
 
30 
 
Timepoint: 
Periconceptional/
peri-gestation 
Breed 
Maternal 
insult 
Behavioural 
outcomes 
Neuropathological features Other changes References 
E-8 weeks to E6 
Sheep Methyl-
deficient 
diet 
  ↑ Males BP 
Methylation changes 
Males: Insulin resistance   
Sinclair et al., 
2007 
E0 to E3.5   
   
Mouse Low 
protein 
diet 
Abnormal anxiety like 
behaviour in female 
and male 
 ↑ SBP   
↓ Female heart size 
Watkins et al., 
2010; Watkins et 
al., 2008a; 
MacLaughlin et 
al., 2010 
E-6 weeks to E7  
Sheep 70% of 
control 
diet 
  Inverse relationship between fetal 
kidney weight and maternal 
weight loss. 
MacLaughlin et 
al., 2010   
E0 to E4.25  Rat  
Rat Low 
protein 
diet 
Abnormal anxiety like 
behaviour in female & 
male 
 ↑ SBP   
↓ Female kidney size 
Kwong et al., 
2000 
Timepoint: Early 
gestation 
Breed Maternal 
insult 
Behavioural 
outcomes 
Neuropathological features Other changes References  
E15 
 
Rodent 
Alcohol ↓ social investigation 
in P28 females  
  
Varlinskaya & 
Mooney., 2015 
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Table 1.2: Adverse effects following perturbations during the PC period and early offspring term health outcomes. 
(2.9 g/kg 
i.p) 
 
social avoidance in 
75-day-old females 
offspring 
Males ↑ contact 
behaviour and 
aggression 
E8 
 
Mouse 
Alcohol   
(2.8g/kg, 
i.p) every 
4 hour 
 ↑ exploratory 
behaviours: EPM 
↓ social preference 
and the startle 
response, 
 ↓ cerebral cortex and brain 
stem volumes. 
females exposed to alcohol had 
larger pituitaries 
Fish et al., 2018 
E11-E21 
 
Rodent 
Calorie 
restriction 
 
  Impaired pancreatic development 
and glucose sensitivity in 
postnatal male offspring  
Yuan et al., 2017 
E-8-E20 
 
Rodent  
Alcohol  
0, 4 or 6 
g/kg/d 
(zero, low 
or high)  
      High: ↑ Nerve growth factor 
frontal cortex & cerebellum   
Low: ↑ BDNF gene expression in 
frontal cortex, occipital cortex & 
hippocampus. 
 
 
 
Parks et al., 2008 
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Legend: (Emb) embryonic, (BC) before conception, (HFD) high fat diet, (LPD) low protein diet, (F) female, (M) male, (i.p). inter-
peritoneal, (EPM). Elevated plus maze, (P) postnatal, BP (blood pressure), SBP (systolic blood pressure).  
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1.3.3 Mechanisms of alcohol induced damage and programming 889 
Numerous mechanisms likely contribute to the damaging effects of prenatal alcohol 890 
exposure on the developing embryo, fetus and particularly the developing central 891 
nervous system (CNS).  As alcohol is known to cross cell membranes and directly 892 
interact with tissues and organ systems in various ways, it is difficult to tease out the 893 
exact mechanism of the developmental programming and even more challenging to 894 
understand how alcohol may affect development in the PC period, prior to 895 
implantation. Different mechanisms have been hypothesised to explain the 896 
teratogenic effects of alcohol. These include increased oxidative stress, impaired 897 
neurogenesis, increased cellular apoptosis and effects on gene expression (Ornoy 898 
2007). Furthermore, these processes may in turn be influenced by maternal 899 
epigenetic changes and/or alterations in circadian rhythmicity which will be 900 
discussed further below (section 1.5). 901 
One of the better understood mechanisms is that of oxidative stress; studies have 902 
shown that ethanol can induce oxidative stress directly by formation of free radicals 903 
which react with different cellular compounds, or indirectly by reducing intracellular 904 
antioxidant capacity (Signore et al., 2008). Another mechanism of alcohol induced 905 
teratogenicity includes alterations in gene expression. A study by Vangipuram and 906 
colleagues (2008) demonstrated that neural progenitor cells that were isolated from 907 
normal second trimester fetal human brains and cultured for up to 72 hours in 908 
mitogenic media containing ethanol, generated greater fetal human neurosphere 909 
size and alterations in adhesion molecule gene expression. Recent studies have 910 
also begun to investigate the influence of alcohol on endocrine function in females 911 
and, more specifically, endocrine function during pregnancy (Zhang et al., 2005). 912 
Alcohol crosses the placenta readily and can directly affect developing fetal cells and 913 
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tissues, however alcohol-induced changes in maternal endocrine function can also 914 
disrupt maternal-fetal hormonal interactions affecting the developing fetus (Weinberg 915 
et al., 2008). In light of the different mechanisms of action, it is reasonable to 916 
presume that alcohol induced teratogenicity is probably the result of several 917 
mechanisms.  918 
1.4 Prenatal ethanol exposure and epigenetic programming   919 
Increasing evidence has indicated an association between ethanol exposure and 920 
changes in DNA methylation and histone modifications. Ethanol is known to affect 921 
one carbon metabolism, the primary source of methyl donors in DNA 922 
transmethylation reactions, DNA methyltransferase (DNMTs), DNA methylation, and 923 
histone modifications (Eckhardt et al., 2006). A study conducted by Hancock and 924 
Ramsey (2009) showed that acute in utero alcohol exposure from days 9 to 11 of 925 
gestation in a mouse model was enough to result in lower than normal methylation 926 
throughout the genome; which is most commonly known as global hypomethylation. 927 
Other studies have also looked at gene specific epigenetic alterations as opposed to 928 
global methylation; Downing and colleagues (2010) focused on the mouse embryo 929 
and specific methylation patterns at the Igf2 locus, an important gene implicated in 930 
the encoding of insulin like growth factor 2. This study found that in utero alcohol 931 
exposure resulted in reduced methylation at the Igf2 locus coupled with a change in 932 
Igf2 gene expression. The specific changes in gene expression were also 933 
accompanied by skeletal malformations which are very similar to that observed in 934 
patients diagnosed with FAS. Moreover, Lieu and colleagues (2009) have shown 935 
that in a mouse model of in utero alcohol exposure for the duration of gestation, 936 
prenatal alcohol exposure was reported to cause altered expression of 937 
methyltransferase enzymes, and hypo- and hyper-methylation in gene promoters. 938 
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These alterations in DNA methylation patterns resulted in neural tube defects and 939 
changes in the expression of numerous genes associated with chromatin 940 
remodelling, neuronal morphogenesis, synaptic plasticity and neuronal development 941 
(Wilde et al., 2014). Numerous rodent and mouse models have also provided insight 942 
as to the implications of in utero alcohol exposure on the effects of protein 943 
modifications; specifically that of histones. Through a chronic alcohol exposure 944 
model in rats, Pandey and colleagues (2008) revealed associations between chronic 945 
alcohol exposure in adult rats and increases in histone H3 and H4 acetylation in the 946 
amygdala. These alterations led to changes in the expression of genes among which 947 
is the memory relevant signalling molecule neuropeptide Y; an amino acid 948 
neuropeptide that acts as a neurotransmitter in the brain.  Another study by Guo and 949 
colleagues (2011) focused on the effect of perinatal alcohol exposure on histone 950 
modifications in the cerebellum; showing decreased expression and function of  951 
histone acetyltransferases (HACs) of the CREB binding protein (CBP). This 952 
alteration of CBP has been correlated to result in decreased lysine acetylation, 953 
particularly on histones H3 and H4 within the cerebellum which may attribute to 954 
motor deficits observed in patients with ARND, FAS and FASD.  955 
Together, these reports indicate an important role of epigenetic regulation in 956 
developmental programming and show that events during critical periods of PC 957 
development can program the structure and function of an organism. Furthermore, 958 
these findings also provide links between alterations in DNA methylation patterns in 959 
ethanol exposed fetuses and phenotypes that are similar to that observed in FASD 960 
patients.   961 
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1.4.1 Epigenetic programming 962 
As alcohol has been shown to severely affect the developing fetus during gestation, 963 
it is important to understand the mechanisms and processes underlying the effects of 964 
alcohol during the PC period. As the cellular and developmental processes 965 
underlying brain development in utero are largely influenced by gene expression, 966 
epigenetic mechanisms are most likely to be involved in the pathogenesis of alcohol 967 
related developmental anomalies (Ungerer et al., 2010).   968 
Epigenetics refers to the changes in gene expression that occur without changes in 969 
the deoxyribonucleic acid (DNA) sequence itself (Chuang & Jones 2008). 970 
Epigenetics is fundamental during development and is implicated in tissue specific 971 
gene expression, stem cell maintenance and genomic imprinting (Waddington 2012). 972 
The two main mechanisms of epigenetic modifications involve that of structural 973 
chromatin modifications through histone modifications, DNA methylation or 974 
ribonucleic acid (RNA) interactions through the actions of non-coding RNAs (Jin et 975 
al., 2011). 976 
Histone amino terminal regions can undergo a diverse array of modifications, some 977 
of which include acetylation, methylation, phosphorylation and ubiquitylation 978 
(Ungerer et al., 2010). Histone modifications occur in the N terminal tails of histones 979 
H3 and H4, as well as the core of histones H2A and H3 (Falkenberg & Johnstone 980 
2014). These modifications cause chromatin to assume various states of compaction 981 
and folding which affects the accessibility of gene promoter regions to the 982 
transcriptional machinery of the cell (Arney & Fisher 2004).  Generally, increased 983 
histone acetylation results in transcriptional activation, whereas decreased 984 
acetylation leads to transcriptional repression. Furthermore, histone methylation has 985 
the ability to cause either repression or activation, depending on the specific gene 986 
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locus involved (Morgan et al., 2005). The balance between transcriptional activation 987 
and repression are regulated by a range of chromatin modifying enzymes, such as 988 
HACs and histone deacetylases (HDACs), which catalyze the reversible acetylation 989 
of histones (Hsieh & Gage 2004). In addition to the above mechanisms, epigenetic 990 
modifications involving methylation (addition of a methyl group) are also involved in 991 
regulating gene activity by altering the structure or accessibility of a genomic region 992 
(Lee et al., 2012).  993 
In mammals, DNA methylation occurs on the C5 cytosine residues primarily in the 994 
CG dinucleotide and is mediated by a class of enzymes known as DNA 995 
methyltransferases (Wilde et al., 2014).  There are 56 million CG sites in the human 996 
genome, however only 60-80% of these are methylated; which corresponds to 4-6% 997 
of all cytosines (Jurkowska et al., 2010). There are three main DNMTs that regulate 998 
this process - DNA nucleotide methyltransferase 1 (DNMT1), DNA nucleotide 999 
methyltransferase 3a (DNMT3a) and DNA nucleotide methyltransferase 3b 1000 
(DNMT3b), each with its own differing expression patterns, enzymatic properties, 1001 
cellular and subcellular localisations and interaction partners (Cedar & Bergman 1002 
2009).  Although each of these enzymes play a crucial role in establishing the 1003 
genomic methylation patterns during neurodevelopment, only DNMT1 and DNMT3a 1004 
are expressed in mature neurons, where they appear to play a complimentary role in 1005 
regulating synaptic plasticity (Feng et al., 2010).  1006 
1.4.2 Mammalian brain development  1007 
Brain development in mammals begins in intrauterine life and continues through the 1008 
adolescent period (Uysal et al., 2014). In rats, the adolescent period begins at 1009 
postnatal days 38 and 42 and continues until postnatal day 60 (Sengupta 2015). In 1010 
humans, brain development begins in the third gestational week with the 1011 
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differentiation of the neural progenitor cells. In brief, the processes that contribute to 1012 
brain development include the neural patterning in the embryonic period, the 1013 
formation of the neural tube, with neuron production beginning in the embryonic (E) 1014 
period; E42 and extending through mid-gestation in most brain areas. In humans, 1015 
cortical neurogenesis is complete by approximately E108 (Barbas 2015). Following 1016 
this, neuronal migration and differentiation occurs. As development proceeds, the 1017 
brain becomes larger with synaptic exuberance and pruning in which there is 1018 
massive excess production of connections followed by the systematic elimination of 1019 
up to 50% of those connections (Uysal et al., 2014). Both of these processes reflect 1020 
nonpathological events that play an essential role in establishing the complex 1021 
networks of the developing brain, and in the postnatal period, myelination, 1022 
programmed cell death and the continual synaptic exuberance and pruning 1023 
continues (Stiles & Jernigan 2010). Alcohol exposure during brain development 1024 
mediates differential effects with figure 1.3 highlighting the developmental effects of 1025 
alcohol during central nervous system development in humans and rats.  1026 
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 1027 
Figure 1.3: Developmental effects of alcohol during central nervous system 1028 
ontogeny in humans and rats. Legend: NSCs, neural stem cells; F, fetal; P, 1029 
postnatal (Adapted from Loeches and Guerri 2011).  1030 
1.4.3 Epigenetics in mammalian brain development 1031 
Epigenetic mechanisms are central to brain development with DNA methylation 1032 
composition and dynamics in the mammalian brain being highly distinct. Whole 1033 
genome bisulphite sequencing studies by Xie and colleagues (2012) have shown 1034 
that mammalian brain non-CG methylation is typically depleted in expressed genes, 1035 
with genic non-CG methylation levels inversely proportional to the abundance of the 1036 
associated transcript. It has also been suggested by Lister and his colleagues (2013) 1037 
that methylations in the CG context predominately occur in the fetal genome, 1038 
whereas methylation in the adult brain occurs largely in the non-CG context. 1039 
Furthermore, non-CG methylation accumulates during early childhood/adolescence 1040 
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and reconfigures the neuro-epigenome during the critical period of brain maturation 1041 
and cognitive development (Varley et al., 2011). Overall, it has been proposed that 1042 
genes that are highly expressed and turned on lack non-CG methylation, whilst 1043 
genes that are switched off display very high levels of non-CG methylation. This 1044 
suggests that DNA methylation may allow reversible control of gene expression in 1045 
individual neurons, thereby contributing to the functional plasticity of neurons. The 1046 
importance of epigenetic mechanisms underlying normal CNS development 1047 
suggests that alternations may contribute to abnormal CNS function and neurological 1048 
disorders.  1049 
1.5 Circadian Rhythms 1050 
Circadian (latin circa, meaning “around” and diēs meaning “day”) rhythms refers to 1051 
biological processes including sleep/wake cycles, body temperature, hormone 1052 
secretion, metabolic glucose homeostasis and immune function that oscillate with a 1053 
periodicity that matches the 24-hour solar day (Voigt et al., 2013). Oscillations 1054 
generally including circadian rhythms can be characterized according to several 1055 
basic and descriptive parameters such as the amplitude, period (length of the 1056 
rhythm; distance travelled per unit time), along with its reciprocal frequency (number 1057 
of cycles per unit of time), and phase or phase angle (relationship of two rhythms) 1058 
(Moore-Ede et al., 1982).  Circadian rhythms, unlike hourglasses, persist in the 1059 
absence of external cues however, under such free-running i.e. in the absence of 1060 
environmental factors cuing the oscillations - these rhythms persist with a period 1061 
slightly longer or shorter than 24 hours (Brown & Azzi 2013).  Circadian rhythms may 1062 
be phase shifted, with light as the strongest time cue (Zeitgeber). Every circadian 1063 
rhythm has a characteristic phase-response curve to light, food, and other stimulants 1064 
(factors) with effects resulting in either shifting the rhythms forward (accelerating the 1065 
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clock; phase advance) or backward (slowing down the clock; phase delay (De 1066 
Bacquer et al., 2009). Alternative to a traditional 24-hour period, animals can be 1067 
entrained or exposed to a light dark (LD) cycle longer or shorter than 24 hours (T-1068 
cycle). Extremely long or short T-cycles can be used to force the body’s circadian 1069 
rhythms to de-synchronize from one another and is an experimental method that is 1070 
used regularly when assessing circadian rhythmicity (Farnell et al., 2004).   1071 
In mammals, rhythms are controlled by a master circadian clock housed in the 1072 
suprachiasmatic nucleus (SCN) of the anterior hypothalamus, just above the optic 1073 
chiasm. As seen in figure 1.4, inputs to the SCN from the retinohypothalamic tract 1074 
provides information about daily light exposure, synchronising the endogenous clock 1075 
to the external environment (Brown & Azzi 2013). In turn, the SCN relays the 1076 
information by both synaptic and diffusible signals to other brain regions and 1077 
peripheral organs such as the heart, lungs, liver and adrenal glands.  Nearly all 1078 
peripheral tissues in the body have a circadian rhythm – with the ability to oscillate 1079 
independently in the short term (Brown & Azzi 2013). This evolutionary conserved 1080 
mechanism, coordinates the timing of a network of clocks throughout the body and is 1081 
vital for health and wellbeing. Desynchronisation of this intricate pathway has been 1082 
implicated in a number of diseases, including cancer, metabolic diseases, and as we 1083 
will cover in this review; neurodegenerative diseases. As outlined in figure 1.5, self-1084 
sustainability of this circadian system is achieved by a set of genes that regulate 1085 
their own transcription and translation over 24 hours via a series of evolutionary 1086 
conserved negative and positive feedback loops 1087 
 1088 
 1089 
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 1090 
Figure 1.4: The central circadian system. Circadian rhythms are controlled by the 1091 
master circadian clock in the suprachiasmatic nucleus (SCN) of the anterior 1092 
hypothalamus. Rhythms are influenced by numerous external and internal time cues. 1093 
These stimuli are known as ’zeitgebers’ (‘time giver’). Light is the most important 1094 
zeitgeber, with activity and eating patterns also influencing circadian timing. 1095 
Secondary clocks, located throughout the brain and peripherally, govern 1096 
sleep/wakefulness, rest/activity, appetite, body temperature and other biological 1097 
rhythms. The loss of coordination of circadian rhythms can have negative 1098 
consequences for sleep–wake cycles and numerous other biological functions.  1099 
 1100 
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Circadian clocks are distributed centrally and in peripheral tissues where they 1101 
rhythmically maintain tissue specific gene expression and physiology. The SCN 1102 
clock can function autonomously without any external input, however it also is very 1103 
plastic in its responsiveness to environmental factors such as light. Self-sustainability 1104 
is achieved by interlocked evolutionary conserved negative and positive feedback 1105 
loops of transcriptional and translational regulators.  Briefly, the positive regulators 1106 
CLOCK and BMAL1 regulate the expression of the negative regulators; the 1107 
cryptochrome (CRY1 and CRY2) and period (PER1, PER2, PER3) families (Sahar & 1108 
Corsi 2013). In order for this feedback loop to begin, CLOCK and BMAL1 1109 
heterodimerize and induce the expression of target circadian genes including period 1110 
(PER) and cryptochrome (CRY). When PER and CRY proteins accumulate in the 1111 
cytosol, they heterodimerize and translocate to the nucleus where they act as 1112 
transcriptional repressors to terminate the CLOCK-BMAL1 mediated transcription, 1113 
thus completing the molecular circadian cycle (Van der Horst et al., 1999) (Figure 1114 
1.5). 1115 
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 1116 
Figure 1.5: The molecular circadian clock. In brief, the positive regulators CLOCK 1117 
and BMAL1 regulate the expression of the negative regulators; the cryptochrome 1118 
(CRY1 and CRY2) and period (PER1, PER2, PER3) families (Sahar & Corsi 2013). 1119 
In order for this feedback loop to begin CLOCK and BMAL1 heterodimerize and 1120 
induce the expression of target circadian genes including period (PER) and 1121 
cryptochrome (CRY). When PER and CRY proteins accumulate in the cytosol, they 1122 
heterodimerize and translocate to the nucleus where they act as transcriptional 1123 
repressors to terminate the CLOCK-BMAL1 mediated transcription, thus completing 1124 
the molecular circadian clock. (Adapted from Zanquetta et al., 2010). 1125 
The molecular mechanisms underlying the mammalian clockwork has been 1126 
extensively studied in the rat and mouse. These studies have been critical in 1127 
understanding the role of each clock component, particularly in the context of health 1128 
  
44 
 
and disease. Table 1.3 highlights circadian gene defects and the biological 1129 
consequences. 1130 
 1131 
 1132 
 1133 
 1134 
 1135 
 1136 
 1137 
 1138 
 1139 
 1140 
 1141 
 1142 
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Table 1.3: Rodent and mouse models of circadian gene defects and its 1143 
biological consequences.  1144 
Legend: Knockout (-/-), gene impairment (mut), decreased mRNA expression (↓),   1145 
 1146 
1.5.1 The developing circadian clock in utero  1147 
At the cellular level, the first appearance of circadian rhythmicity has been detected 1148 
in differentiated, multi-potent cells derived from embryonic stem cells (Yagita et al., 1149 
2010). While on a structural level the development of the rat SCN develops gradually 1150 
from E14 and continues onto E17, originating from a specialized zone of the ventral 1151 
Circadian 
gene defect Physiological effects  References  
    Bmal1mut  Abnormal gluconeogenesis   
Bunger et al.,  2000 
Rudic et al., 2004 
Laposky et al., 2005 
 
  
    Bmal1mut  Abnormal lipogenesis  
    Bmal1 -/-  Altered sleep pattern  
Clockmut  Metabolic syndrome  
Rudic et al., 2004 
Naylor et al., 2000 
Turek et al., 2005 
 
  
    Clockmut  Abnormal gluconeogenesis  
    Clockmut  Altered sleep pattern  
Per1 ↓  
Abnormal apoptosis/cancer 
development  
Fu & Lee 2003 
Gery et al., 2006 
Per2mut 
Abnormal behavioral sensitization to 
psychostimulant  
Toh et al., 2001 
Abarca et al., 2002 
 
 
  
Cry1 & Cry 2 -/-   
Behavioural alterations; anxiety like 
behaviour   
Charrier., et al 
2017  
Rorαmut  Cerebellar ataxia  
 Duusault et al., 
1998    Rorαmut  Impaired memory  
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diencephalic germinal epithelium as a component of periventricular cell groups. 1152 
Neurons of the ventrolateral SCN are generated at E15–E16 and those of the 1153 
dorsomedial SCN at E16–E17. Neurogenesis is completed at E18, but the 1154 
morphological maturation of the SCN neurons gradually proceeds until postnatal day 1155 
(PD) 10 (Weinert 2005). After completing neurogenesis, the SCN further develops 1156 
gradually during ontogenesis (Moore & Bernstein, 1989). In rodents, the newly 1157 
formed SCN neurons begin to spread their processes across the nuclei to make 1158 
contact with other neurons, and to create an intercellular web during the late prenatal 1159 
and mainly early postnatal period. In the rat SCN, very sparse synapses may be 1160 
observed at E19–E22, but not earlier, indicating that fetal SCN cells are virtually 1161 
devoid of synapses (Moore & Bernstein, 1989). Therefore, neurogenesis of the SCN 1162 
is complete during the prenatal period, however the complex synaptic coupling may 1163 
not yet be functional due to the lack of synapses. This was confirmed by Ansari and 1164 
colleagues (2009) who found that during the fetal stage, the rodent SCN with 1165 
underdeveloped intercellular communication system exhibited no or only low-1166 
amplitude rhythms in clock gene expression within the population of the cells. 1167 
Furthermore, the amplitudes of the clock gene expression rhythms gradually 1168 
increased as a function of the synaptic web development during the postnatal stage 1169 
and achieved adult-like levels only when the development was completed 1170 
(Kovacikova et al., 2006). 1171 
The development of the molecular clock mechanism during the prenatal stage is still 1172 
not yet fully understood. However, what is known, is that although detectable 1173 
rhythms in clock gene expression are absent in the fetal SCN cells in vivo, the 1174 
population of cells likely oscillates in its metabolic activity in spite of the fact that an 1175 
absence of fetal SCN rhythms has been reported (Reppert and Weaver, 2004); 1176 
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(Fuchs and Moore, 1980). Of particular interest, the neurotransmitter arginine 1177 
vasopressin (Avp) was also found to be rhythmic in a population of SCN cells during 1178 
the prenatal stage (Reppert and Uhl, 1987). This indicates that during the fetal stage, 1179 
these rhythms are directly driven by rhythmic maternal signals independent of the 1180 
molecular clockwork. One of the proposed mechanisms likely involves activation of 1181 
the cylic amp pathway (cAMP), as this is necessary for the transcriptional activation 1182 
of Avp and vasoactive intestinal peptide (VIP). However, in later development once 1183 
the SCN cells are synchronised and establish neuronal communication, the 1184 
response becomes highly dependent on the circadian phase (O’Neill et al., 2008).  1185 
Following the development of the synchronized circadian rhythms in the SCN during 1186 
ontogenesis, the rat pups are born with their SCN set to the proper phase, and 1187 
during the early post-natal period, only need to maintain the phase until their own 1188 
SCN clocks become fully entrainable by light (Reppert and Schwartz, 2002). Before 1189 
this time point, their circadian rhythm is synchronised by the maternal circadian 1190 
system, with this mechanism ceasing around PD 10, when incidental exposure of 1191 
light to pups occurs and adult like patterns emerge (Viswanathan, 1999).  1192 
1.5.2 Alcohol and the circadian clock  1193 
Alcohol has been shown to disrupt behavioural and biological circadian rhythms 1194 
(Perkins et al., 2013). These abnormalities include disrupted sleep/wake cycles in 1195 
humans, with animal studies showing disrupted circadian responses to light and 1196 
abnormal activity patterns in rodents (Brager et al., 2010).  Furthermore, oscillations 1197 
in core body temperature, blood pressure, glucose and cholesterol rhythms are 1198 
significantly affected by alcohol consumption (Peres et al., 2011). Alcohol exposure 1199 
during gestation and its possible consequences on the circadian system has recently 1200 
garnered interest as studies have shown that neonatal alcohol exposure can also 1201 
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permanently disrupt the circadian properties and activity rhythm in adult rats. 1202 
Increasingly, studies are reporting that developmental alcohol exposure in a rodent 1203 
can induce permanent alterations in SCN molecular oscillations that comprise the 1204 
circadian clock mechanism (Farnell et al., 2004). These alterations not only affect the 1205 
sleep/wake cycle but also exert a negative influence on circadian rhythmicity by 1206 
promoting intestinal hyper-permeability and daily variations in immune parameters. 1207 
1.5.3 Animal models of alcohol exposure and circadian rhythm disruption  1208 
Animal models of alcohol administration are often used to examine the effects on 1209 
phase shifting and free running periods; typically based on running wheel locomotor 1210 
activity predominately concerned with behavioural phenomena closely related to 1211 
clock function (Aschoff et al., 1975). Observations of alcohol’s effect on free running 1212 
periods and phase shifting provides some of the strongest evidence that alcohol’s 1213 
influence on circadian rhythms is due to a change in the clock itself rather than 1214 
downstream effects. Prenatal alcohol administration in animal models has shown 1215 
differing phase shifting responses and a multitude of other circadian rhythm 1216 
disruptions which are highlighted in table 1.4. A study conducted by Sei and 1217 
Colleagues (2003) showed that rats exposed to alcohol prenatally through a 1218 
mother’s liquid diet led to a phase delay in circadian rhythms in response to a 1-hour 1219 
light pulse at circadian time 15 (early subjective night) as compared to control 1220 
animals. However, other research groups have shown increased phase shifting 1221 
effects in neonatal rats due to prenatal ethanol exposure (Allen et al., 2005). Thus, it 1222 
is unclear whether distal effects of alcohol exposure attenuate or potentiate phase 1223 
shifting effects.  However, what is clear from these studies is that circadian 1224 
behaviour can be permanently altered following alcohol exposure. Furthermore, 1225 
alcohol seemingly alters the way the circadian systems respond to light both when it 1226 
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is administered developmentally or chronically to adult rats (Hannibal et al., 2001). In 1227 
rats, the brain growth spurt coinciding with the early postnatal period has been 1228 
identified as a critical temporal window for central nervous system (CNS) 1229 
vulnerability to the neurotoxic effects of alcohol (Chen et al., 2006). Exposure to 1230 
alcohol during the early postnatal period - corresponding to the third trimester 1231 
equivalent in human brain development leads to damaging effects on the rat. The 1232 
most common effects include reductions in brain size and weight, cell loss in discrete 1233 
brain regions such as the cerebellum, hippocampus, and olfactory bulb, altered 1234 
neuronal circuitry and decreased expression of specific neurochemical signals 1235 
(Manteuffel, 1996). Furthermore, this is accompanied by the degeneration of the 1236 
SCN and loss of rhythmicity and functional connectivity of the SCN to other parts of 1237 
the brain (Earnest et al., 2001). Taken together, it is not surprising that the neural 1238 
clock responsible for the regulation of circadian or 24-hour rhythms is a vulnerable 1239 
target for alcohol-induced insult during CNS development (Earnest et al., 2001). 1240 
 1241 
 1242 
 1243 
 1244 
  
46 
 
Time point of 
exposure  
Alcohol 
exposure 
Breed Circadian alterations References 
GD 10-21 
3.5g/kg/day Rodent 
Sprague-
Dawley 
phase delay in response to a 1hour light pulse at CT 15 Sei et al, 2003 
PND 4-9 
6.8%, 
10.2% 
EtOH   
13.6% 
EtOH 
Rodent 
Sprague-
Dawley 
accelerated rate of re-entrainment following shifted LD cycle 
light-evoked phase delays at CT 14 and advances at CT 22 in 
the 4.5 and 6.0 g x kg(-1) x day(-1) EtOH groups. 
 
 
Allen et al, 2005 
PND 4-9  
EtOH (4.5 
g/kg/day)  
milk 
formula. 
Rodent 
Sprague-
Dawley 
↑ phase-shifting responses to light.  
phase delays of 2 hrs at CT 14 amplitude at CT 22.  
Farnell et al., 2004 
Adulthood  
EtOH liquid 
diet for 2 
days at 2% 
EtOH 
followed by 
2 days at 
4%, & 6% 
EtOH at day 
5 for 6 
weeks  
Rodent 
Sprague-
Dawley 
↓ 24‐hour body temperature & locomotor activity counts in the 
dark period 
advance in acrophase of diurnal rhythms of body temperature 
& locomotor activity 
advanced Per1 expression in the adrenal and pituitary glands 
Guo et al., 2016 
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Table 1.4: Circadian rhythm disruptions following alcohol exposure at different time points during development & 
adulthood 
 
 
 
    
                                
 
 
 
 
 
GD 10-21 
 Rodent – 
Sprague 
Dawley  
altered circadian expression of mRNA levels of Per1, Per2 and 
Per3, in the arcuate nucleus, and Per1 and Per 2 mRNA levels 
in the suprachiasmatic nucleus. 
Chen et al., 2006  
Adult: 21 days 
 Mouse -
C57BL/6J 
 shortened free-running period in constant darkness.  Seggio et al., 2009 
Legend: (EtOH) ethanol (GD) gestational day (LD) light/dark (PND) postnatal day (CT) circadian time (Vol) volume (EtOH) ethanol  
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1.6 Rationale 1245 
Alcohol exposure during pregnancy has been studied extensively and it is now well 1246 
established that prenatal alcohol exposure can have severe detrimental effects to the 1247 
developing brain and circadian rhythms. What has not been established, is the 1248 
impact of maternal alcohol consumption during the periconceptional period and its 1249 
effects on long term cognitive and circadian outcomes. Taking into consideration that 1250 
almost half of pregnancies are unplanned, and the average time point of pregnancy 1251 
recognition is 30 days, women are unknowingly consuming alcohol around the time 1252 
of conception. Therefore, it is the aim of this thesis to firstly understand how 1253 
periconceptional alcohol affects long term cognitive outcomes in offspring – 1254 
particularly anxiety, learning and memory, and secondly, to investigate the role of 1255 
periconceptional alcohol exposure on long term offspring circadian biology. With 1256 
incidences of mental disease and other altered behavioural patterns pertaining to 1257 
hyperactivity, altered sleep patterns, mood disturbances, poor memory and learning 1258 
disabilities on the rise, it is important to further explore and understand the impact 1259 
periconceptional alcohol exposure has on these disabilities.  1260 
1.7 Overall Hypothesis  1261 
Periconceptional ethanol exposure would negatively impact offspring cognitive and 1262 
circadian outcomes later in life.  1263 
1.8 Overall Aims: 1264 
1. To investigate if periconceptional ethanol exposure would lead to mild behavioural 1265 
changes in aged animals; particularly, behaviours associated with anxiety.  1266 
2. If aged offspring exposed to alcohol during the periconceptional period would 1267 
exhibit subtle deficits in spatial memory, and alterations in exploratory behaviour. 1268 
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3. To explore if adult offspring exposed to alcohol during the periconceptional period 1269 
would display behaviours associated with anxiety.  1270 
4. That periconceptional ethanol exposure would disrupt endogenous neurochemical 1271 
rhythmicity in the suprachiasmatic nucleus in adult offspring. 1272 
5. To investigate if periconceptional ethanol exposure would alter the expression of 1273 
genes of the clock system in the suprachiasmatic nucleus of adult offspring. 1274 
6. If adult offspring exposed to alcohol during the periconceptional period would 1275 
display alterations to genes of the clock system in the suprachiasmatic nucleus.  1276 
 1277 
 1278 
 1279 
 1280 
 1281 
 1282 
 1283 
 1284 
 1285 
 1286 
 1287 
 1288 
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Chapter 2:  1289 
General Methods 1290 
 1291 
 1292 
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This chapter outlines the general methods used for the studies presented within 1312 
thesis. However, specific details pertaining to particular experiments, including the 1313 
number of animals used, can be found within each experimental chapter. 1314 
2.1 Animals and Treatment 1315 
2.1.1 Statement of ethics: 1316 
All experiments conducted within this thesis were carried out under approval by the 1317 
University of Queensland Anatomic Bioscience Animal Ethics Committee 1318 
(SBS/022/12/NHMRC) and (SBMS/467/14/NHMRC). 1319 
2.1.2 Dam treatments: 1320 
Sprague Dawley rats were obtained from the animal resource centre (ARC, Perth 1321 
Western Australia) and maintained under standard animal housing conditions (22°C) 1322 
with a 12-hour shifted light cycle (12:00am lights on, 12:00pm lights off) for a 1323 
minimum of one week prior to the commencement of animal treatment.  To assess 1324 
the impact of alcohol exposure on offspring outcomes, a specially formulated ethanol 1325 
diet was optimised prior to the commencement of this thesis (appendix 1) 1326 
(Gardebjer, 2014). Before being allocated to the treatment protocol, each animal 1327 
underwent an overnight liquid diet trial. Female virgin rats (>230g) were individually 1328 
placed in a cage with access to the control liquid diet from 12 pm until 9am the next 1329 
morning. If animals consumed the diet, without losing weight, they were deemed 1330 
ready for use in this study. Vaginal impedance was measured daily with an EC40 1331 
estrous cycle monitor (Fine Science Tools, Foster City CA, USA). When a reading of 1332 
>4.5x 103Ω was achieved, the animal was allocated to the experimental protocol and 1333 
marked as embryonic day (E) -4. Rats have an estrous cycle of 4 days, and a 1334 
vaginal impendence reading over 4.5x 103Ω indicates that the female rat is in 1335 
oestrus. This reading is also suggestive of oestrus occurring in 4 days’ time. At this 1336 
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point, chow was removed from cages and rats were randomly assigned to Control or 1337 
PC:EtOH treatment groups. Rats were weighed daily and given ad libitum access to 1338 
the liquid diet +/- 12.5% EtOH daily from 12pm. Diet remained on cages until 9am 1339 
the next morning with diet being weighed at 12pm, 5pm and 9am. From 9am each 1340 
day, rats were given access to water on their cages before fresh diets were replaced 1341 
at 12pm.  After four days on the diet (E0), impedance was checked and if >4.5x 1342 
103Ω as predicted based on the previous measurement, dams were placed in a 1343 
mating cage with a male. Successful mating was recorded if seminal plugs were 1344 
found at either 5pm on the same day or 9am the following day. Females were then 1345 
removed back to individual cages. Diets continued until E4. Dams were then placed 1346 
back onto standard rat chow and water, weighed each day and allowed to litter down 1347 
naturally for behavioural or circadian offspring studies. The number of dams used for 1348 
each experimental chapter is included in table 2.1 below. Animals used for the 1349 
offspring studies were allowed to mate for 2 consecutive nights. If mating did not 1350 
occur, rats were removed from the study. 1351 
Cohort Number of dams Experiments Chapter 
1 (treated before 
this thesis 
commenced) 
Control N = 9 
PC:EtOH N = 10 
Aged offspring 
behaviour and 
gene expression 
3 
2  Control N = 17 
PC:EtOH N = 17 
Gene expression: 
Suprachiasmatic 
nucleus 
4 
3 Control N = 10 
PC:EtOH N = 10 
Running wheel 
activity 
5 
Table 2.1: Number of dams treated for each experiment. 1352 
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2.1.3 Offspring studies: 1353 
When offspring littered down they were weighed daily until post-natal day 30 (PD30). 1354 
Offspring were toe clipped at PD6-10 and weaned at PD28 into cages with 3-4 1355 
littermates of the same sex. Offspring were then weighed weekly until post-mortem 1356 
tissue collection. At 3 months of age, a subset of offspring from each litter were 1357 
assigned to behavioural or circadian studies as described below and seen in figure 1358 
2.1.  1359 
 1360 
 1361 
 1362 
 1363 
Figure 2.1: Experimental timeline of offspring studies conducted.   1364 
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2.2 Behavioural studies: 1365 
Animals were tested in one of the two age groups, 4–6 months (Adult) or 15–18 1366 
months (Aged). The number of animals included in the analysis for individual tests 1367 
can be found within each experimental chapter. Animals were randomly chosen, 1368 
ensuring no more than one animal per sex and litter group were used. The animals 1369 
were housed in groups of same sex and treatment with the same controlled 1370 
conditions for each cage. All behavioural testing was conducted during the animal's 1371 
active phase (dark period) of the cycle under red light in a designated behavioural 1372 
testing room. Computer equipment associated with the tracking software and the 1373 
experimenter were sectioned off from the testing area using a dark curtain to reduce 1374 
light and noise transference. The animals were transported to the behavioural testing 1375 
room one hour after the light cycle change and left for one hour to habituate to the 1376 
room prior to testing. All tests were conducted over consecutive days in the order 1377 
listed below. Tests consisted of a single trial with 24 hours between tests except 1378 
where otherwise indicated. All equipment used for testing was wiped clean with 70% 1379 
ethanol between trials to eliminate odour cues except where otherwise stated. 1380 
2.2.1 Holeboard (HB) Test   1381 
The HB test was carried out using a grey acrylic open field arena (60cm x 60cm x 1382 
30cm) with a raised floor insert (5cm above the floor) that has four holes (5cm 1383 
diameter) situated 10cm in from each corner. The rat was placed in one corner 1384 
facing the wall and left to explore the arena for 10 minutes as described in Cullen et 1385 
al, 2013.  The frequency and time spent head dipping into the holes was measured 1386 
as a sign of neophobia. The percentage of time spent in the centre of the arena was 1387 
measured as a sign of anxiety-like behaviour.  1388 
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2.2.2 Elevated Plus Maze (EPM)  1389 
The EPM was carried out as described in Cullen et al 2013. In brief, the rat was 1390 
placed in the centre of a grey acrylic maze consisting of two open (50cm X 7cm) and 1391 
two closed (50cm X 7cm X 30cm) arms mounted on a metal stand 60cm high. The 1392 
rat was placed in the centre of the maze facing an open arm and left to explore the 1393 
maze for a single 10-minute trial. The percentage of time spent on the open arms 1394 
was recorded as an indication of anxiety-like behaviour. An increase in open arm 1395 
activity (duration and/or entries) reflected reduced fearfulness, and a decrease in 1396 
open arm activity reflected anxiety-like behaviour. 1397 
2.2.3 Two object recognition memory  1398 
Short term recognition memory was assessed using a novel object recognition test 1399 
as previously reported by Ruby et al, 2014. The arena consisted of a grey acrylic 1400 
open field with a raised floor in it. The task procedure comprised three phases: 1401 
habituation to the open arena, familiarization to the objects, and the test phase. In 1402 
the habituation phase, each animal freely explored the open field arena in the 1403 
absence of objects for 10 minutes. The animal was then removed from the arena 1404 
and placed in its home cage for 24 hours. On the testing day during the 1405 
familiarization phase, a single animal was placed in the open-field arena containing 1406 
two objects of identical size, shape, colour and material (A + A), for 3 minutes. To 1407 
prevent coercion to explore the objects, rodents were released against the centre of 1408 
the opposite wall with its back to the objects. After a retention interval (the period 1409 
between a rats exposure to information and being tested for retention of that 1410 
information) of 15 minutes (short term memory), the animals were returned to the 1411 
open-field arena for 3 minutes with two objects, one was identical to the sample, and 1412 
the other was novel (A + B). Recognition memory was evaluated by the animal's 1413 
  
56 
 
ability to recognize a novel object in the environment. The differences in exploration 1414 
time of novel and familiar objects and amount of contact time to each object was 1415 
assessed. A decrease in the percentage of time rats spent interacting with the novel 1416 
object was an indication of a recognition memory deficit. 1417 
2.2.4 Y Maze 1418 
Short term spatial memory performance was assessed using a Y maze task as 1419 
previously described in Carlie et al 2014, with a black, PVC plastic maze consisting 1420 
of three identical arms (50cm x 10cm x 30cm) randomly designated as start, familiar 1421 
or novel. The task consisted of two trials, the acquisition phase and the test phase. 1422 
During the acquisition phase entry into the novel arm was blocked and rats were 1423 
placed into the start arm and left to explore the start and familiar arms freely for 15 1424 
minutes. After the acquisition phase rats were returned to their home cage for 30 1425 
minutes. The novel arm was then unblocked and the rats were then placed back in 1426 
the maze and were allowed to explore the entire maze for 5 minutes (test phase).  1427 
The bottom of the maze was lined with soiled animal bedding which was mixed 1428 
between each trial to prevent odour cues. Spatial memory performance was 1429 
measured as the number of entries into and time spent in the novel arm, calculated 1430 
as a percentage of total arm entries and total time in the maze respectively.   1431 
2.3 Circadian running wheel assays  1432 
When animals reached at least 3 months of age they were transferred to another 1433 
animal facility where the circadian behaviour studies were conducted. Animals were 1434 
housed individually and maintained under standard animal housing conditions (22°C) 1435 
with a 12-hour shifted light cycle (light period from 6:00am lights on, 6:00pm lights 1436 
off). Animals were habituated to this light cycle for two weeks and then transferred to 1437 
the behaviour testing room.  1438 
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2.3.1 Equipment  1439 
The circadian behaviour room consisted of specialised circadian cabinets 1440 
(Actimetrics) with four shelves allowing up to three cages per shelf. The cabinets 1441 
were completely light-tight, fully ventilated and filtered, featured programmable LED 1442 
lighting, built-in connectors for running wheels/motion sensors, temperature and 1443 
humidity controlled and integrated with ClockLab data collection software. 1444 
Running wheel cages were set up to fit on a standard large rat cage. Each cage 1445 
bottom was 40cm long, 24cm wide and 12.5cm high. With the wheel/lid attached the 1446 
height was 29cm at the wheel, & 20cm high for the rest of the lid. The wheel axle 1447 
also protruded 4cm out from the side of the cage. An 80cm long data cable attached 1448 
to a magnetic micro switch was connected to a data acquisition device.  1449 
2.3.2 Experimental protocol 1450 
The experimental protocol was divided into two phases: 1451 
1. Baseline activity: 1452 
 At 3-6 months of age, Sprague Dawley offspring were housed individually in the 1453 
circadian cabinets with cages equipped with running wheels to monitor their 1454 
circadian activity rhythm. All animals were allowed to acclimate to the running-wheel 1455 
apparatus and baseline activity was recorded for 19 days under 12:12 hour light:dark 1456 
(LD) cycle (light period from 0600 to 1800 h). 1457 
2. Constant darkness  1458 
On day 20 the animals lighting conditions were changed in preparation for the 6- 1459 
hour phase advance protocol. Animals were exposed to constant darkness (DD) 1460 
from 12:00am on day 20 until 12:00 am on day 21.   1461 
3. Phase advance  1462 
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From day 21 onwards the light cycle was phase advanced by 6 hours so that light 1463 
onset and offset occurred at 12:00 am and 12:00 pm, respectively. Rats were 1464 
maintained in this shifted LD 12:12 cycle for 19 days and the time required for re-1465 
entrainment of the activity rhythm to the new light-dark cycle was determined. 1466 
2.3.3. Activity recording  1467 
Wheel-running activity was continuously recorded when animals were housed in the 1468 
circadian cabinets. Activity was summed, stored in 10-min bins, and graphically 1469 
depicted in actograms with a computer running ClockLab data-acquisition and 1470 
analysis software (ActiMetrics, Evanston, IL). If voluntary wheel running activity 1471 
ceased during the active dark cycle, and the inactive light cycle for a period of 24 1472 
hours or more – this activity was designated as ‘zero’ and removed from analysis.   1473 
2.3.4. Data analysis  1474 
Raw data was exported and analysed at six different Zeitgeber (ZT) time points, with 1475 
ZT referring to a synchornising agent for circadian rhythms. In this case light was the 1476 
ZT with a 12-hour light/12-hour dark cycle (ZT 0=lights on). The following ZT time 1477 
points were analysed during baseline activity: 6:30 am (ZT .5), 10:30 am (ZT 4.5), 1478 
2:30 pm (ZT 8.5), 6:30 pm (ZT 12.5), 10:30 pm (ZT 16.5) and 2:30 am (ZT 20.5). 1479 
The following ZT time points were analysed during the phase advance protocol: 1480 
2:30am (ZT 2.5), 6:30am (ZT 6.5), 10:30am (ZT 10.5), 2:30pm (ZT 14.5), 6:30pm 1481 
(ZT18.5) and 10:30pm (ZT 22.5).  1482 
2.4 Circadian central clock gene expression studies 1483 
A separate cohort of animals were housed in groups of same sex and treatment and 1484 
maintained under standard animal housing conditions (22°C) with a 12-hour shifted 1485 
light cycle (12:00am lights on, 12:00pm lights off). Animals between the ages of 4-6 1486 
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months were humanely euthanised at six different time points with ZT 0 = lights on. 1487 
The number of animals euthanised within each time point can be found within 1488 
experimental chapter 4. 1489 
2.5 Tissue Collection 1490 
2.5.1 Behavioural animals 1491 
At the completion of the behavioural testing rats were humanely euthanised with an 1492 
overdose of sodium pentobarbital (Lethabarded; 0.1mg/kg body weight). 1493 
Adult offspring: 1494 
Offspring were culled three hours after the completion of the final behaviour test (Y 1495 
maze) during the animal's active phase (dark period) of the cycle under red light. The 1496 
brains were then collected with the right and left hemisphere separated. The right 1497 
hemisphere was fixed in 4% paraformaldehyde (PFA) while the left hemisphere was 1498 
snap frozen in liquid nitrogen and stored in a -80oc freezer.     1499 
Aged offspring: 1500 
Offspring were culled the day following the completion of the final behaviour test (Y 1501 
maze) during the animal's active resting- phase (light period) of the cycle. The brains 1502 
were then collected with the right and left hemisphere separated. The right 1503 
hemisphere was fixed in 4% paraformaldehyde (PFA) while specific anatomical 1504 
regions (frontal cortex, cerebellum, ventral tegmental area, nucleus accumbens, 1505 
hippocampus, hypothalamus, brain stem) of the left hemisphere were taken, snap 1506 
frozen in liquid nitrogen and placed in a -800C freezer.    1507 
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2.5.2 Circadian behaviour animals 1508 
At the completion of the phase advance protocol adult were euthanized with an 1509 
overdose of sodium pentobarbital (Lethabarded; 0.1mg/kg body weight) during the 1510 
animal's active resting- phase (light period) of the cycle. Whole brains were collected 1511 
and frozen on dry ice and placed in a -80oC freezer.    1512 
2.5.3 Circadian age matched cohort  1513 
A subset of adult offspring were utilised as an adult age matched cohort. Offspring 1514 
euthanized with an overdose of sodium pentobarbital (Lethabarded; 0.1mg/kg body 1515 
weight). Brains were collected at time points; 2:30am (ZT 2.5), 6:30am (ZT 6.5), 1516 
10:30am (ZT 10.5), 2:30pm (ZT 14.5), 6:30pm (ZT18.5) and 10:30pm (ZT 22.5). A 1517 
red light was utilised when offspring were culled during the animals’ active phase 1518 
(dark period) ;(ZT 14.5, ZT 18.5 and ZT 22.5). Whole brains were collected and 1519 
frozen using dry ice and placed in a -80oC freezer with the suprachiasmatic nucleus 1520 
dissected at a later time.  1521 
2.5.4 Microdissection of the suprachiasmatic nucleus (SCN) 1522 
Whole brains were attached to the mounting head of Leica cryostat using OCT, with 1523 
the cerebellum face down. Sections were cut at 30um until the optic chiasm was 1524 
visualised (Bregma -0.48mm) with the guidance of a rat atlas and light microscopy. 1525 
Once the optic chiasm was visualised sections were cut and placed onto slides until 1526 
the SCN was visualised with light microscopy (Bregma 0.72mm). Once visualised 1527 
the SCN was micro-dissected, placed in an eppendorf and frozen immediately on dry 1528 
ice and stored in a -80oC freezer.  1529 
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2.6 Sample analysis  1530 
2.6.1 Tissue analysis: RNA extraction 1531 
Aged Hippocampus 1532 
Total mRNA was extracted from the hippocampus from all experimental groups in 1533 
aged offspring (~30mg). The RNeasy mini kit (QIAGEN, Doncaster, Australia) was 1534 
used as described below. Collected tissue samples were homogenised using Beta-1535 
mercaptoethanol in the provided lysis buffer until all tissue was homogenised. 1536 
Following centrifugation at top speed and pellet removal, the resultant homogenate 1537 
was mixed with ethanol before being passed through a spin column to allow 1538 
separation of nucleic acid from the effluent. Provided buffers were then used to wash 1539 
the membrane before the membrane was subjected to DNAse 1 digestion (10ul) to 1540 
remove potential genomic DNA contamination of the sample. Final washes and 1541 
ethanol followed before elution of the mRNA with RNAse free, DNase free water. 1542 
Adult SCN 1543 
Total mRNA was extracted using the Qiazol extraction method of 5-10mg of tissue 1544 
from the suprachiasmatic nucleus of all experimental groups and times in adult 1545 
circadian offspring. Collected tissue samples were homogenized using Qiazol until 1546 
all tissue was homogenized. Following centrifugation at 4°C at 10,300 RPM the 1547 
supernatant was removed and chloroform added and left at room temperature for 2-3 1548 
minutes. The tubes containing the homogenate was then centrifuged at 10,300 RPM 1549 
for 15 min at 4°C. After centrifugation, the sample separates into 3 phases: an upper, 1550 
colorless, aqueous phase containing RNA; a white interphase; and a lower, pink, 1551 
organic phase (for tissues with an especially high fat content, an additional clear 1552 
phase is obtained). The upper, aqueous phase was transferred to new tubes. 500ul 1553 
of isopropanol was added, plus 1ul of GlycoBlue and mixed by vortexing.  The tubes 1554 
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were left at room temperature for 10 minutes and centrifuged at 9,600 RPM for 10 1555 
minutes at 4°C.. After centrifugation the RNA pellet was visible and stained blue – 1556 
the supernatant was discarded and 1000ul of 75% ethanol added. The sample was 1557 
centrifuged at 9,600 RPM for 5 minutes at 4°C. The supernatant was then removed 1558 
the tube air dried for 5 minutes.  1559 
2.6.2 mRNA quality analysis 1560 
The RNA pellet was redissolved in 10ul of RNase-free water. mRNA quality and 1561 
quantity was determined using the Nanodrop 1000 spectrophotometer (Thermo 1562 
Fisher Scientific, Scoresby Vic, Australia). mRNA was of sufficient quality if the 1563 
sample had an optical density ratio (absorbance at 260nm divided by the 1564 
absorbance at 280nm) of between 1.8 and 2.0. Total mRNA quantity was determined 1565 
by the Nanodrop by using the Beer–Lambert law modified for RNA which gives total 1566 
mRNA yield as absorbance at 260nm multiplied by the mRNA coefficient. 1567 
2.6.3 Reverse transcription to cDNA 1568 
200-ng of eluted RNA was reverse transcribed into complementary DNA (cDNA) 1569 
using Iscript™ reverse transcription kit (table 2); (Bio-Rad Laboratories, Hercules, 1570 
CA, USA) containing RNAse inhibitors, dNTPs, oligo(dT) and random primers, RT 1571 
buffer, MgCl2, and stabilisers. Negative RT reactions were performed simultaneously 1572 
using a no RT control mix containing the same contents with no reverse 1573 
transcriptase. Each sample was made up to 10µL containing 8µL of the RNA 1574 
template plus RNAse-free water, and 2µL of the iScript master mix. Tubes were 1575 
reverse transcribed using the PCR Express Thermal Cycler (Thermo Fisher 1576 
Scientific) using the following protocol: Priming for 5 minutes at 25°C, reverse 1577 
transcribing for 30 minutes at 42°C, and RT inactivation for 5 minutes at 85°C. 1578 
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Samples were diluted 1:10 dilutions using RNAse free water (final concentration: 1579 
2ng/μl). All samples were then stored at -20°C. 1580 
Table 2.1: Concentrations of RNA and cDNA for reverse transcription and 1581 
qPCR dependent on tissue type.  1582 
2.6.4 qPCR analysis 1583 
Gene expression was analysed via quantitative PCR (qPCR) using Taqman Assay-1584 
on-Demand primer/probe sets (Applied Biosystems, Foster City, CA, USA) (See 1585 
Table 2).  8ng of cDNA was added per reaction, with the reaction volume made up to 1586 
10μL with Quantinova Probe PCR Kit (QIAGEN, VIC, Australia, Cat. No. 208254) 1587 
and RNAse-free water.  RNAse free water was used as a calibrator.  Reactions were 1588 
run on Quantstudio Fast 96-well Realtime qPCR machine with 40 cycles at 95˚C for 1589 
2:05 minutes and 30 seconds at 60˚C.  Results were analysed using the comparative 1590 
threshold method (ΔΔCT), and for the aged hippocampus, genes of interest were 1591 
multiplexed with β-actin as a housekeeper gene.  The male control group was used 1592 
as a calibrator by which all the other groups were compared. For adult SCN gene 1593 
expression, multiplex reactions were used throughout, following multiplex dilution 1594 
testing with the appropriate endogenous loading control (henceforth referred to as 1595 
housekeeper). For the SCN, a number of housekeepers were tested for each tissue 1596 
of interest to check for tissue specific responses to PC:EtOH and to ensure that they 1597 
were stably expressed. A housekeeper gene was deemed appropriate if both 1598 
multiplex testing and stability testing was passed. For accurate and reliable 1599 
 Total mount of RNA 
reverse transcribed (ng) 
Final concentration of 
cDNA in well (ng) 
Hippocampus 200 2.5 
Suprachiasmatic nucleus 200 2.5 
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normalisation, the geometric mean of Rn-RPL-0, Rn-B actin and Rn-RPL-19 were 1600 
used as the endogenous control. Data was analysed using the ∆∆Ct method, with all 1601 
groups compared with the average of the male control group within each time point. 1602 
Gene name Gene 
symbol 
Accession 
Number 
Clock circadian 
regulator 
Clock NM_001289832.1 
Period circadian 
clock 1 
Per1 NM_001034125.2 
Period circadian 
clock 2 
Per2 NM_031678.1 
Cryptochrome 
circadian clock 1 
Cry1 NM_198750.2 
Cryptochrome 
circadian clock 2 
Cry2 NM_133405.2 
N-Methyl-d-
aspartate 
receptor 2A 
Grin 2a Rn00561341_m1 
N-Methyl-d-
aspartate 
receptor 2B 
Grin 2b Rn00680474_m1 
Brain-derived 
neurotrophic 
factor 
Bdnf Rn01484928_m1 
DNA 
Methyltransferase 
1 
Dnmt1 Rn00709664_m1 
DNA 
Methyltransferase 
3A 
Dnmt3a Rn01027162_g1 
Histone 
deacetylase 2 
Hdac 2 Rn01193634_g1 
Table 2.2: Assays-on-Demand primer/probe set information 1603 
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2.6.5 Statistics 1604 
Analyses of data in chapter 3 was performed using GraphPad Prism 7 software. All 1605 
data are presented as mean ± SEM unless stated otherwise. The data was analysed 1606 
using two-way analysis of variance (ANOVA) with PC:EtOH treatment and sex as 1607 
variables with Bonferroni post hoc testing used when required. Significant 1608 
differences between groups were defined as a p value <0.05. 1609 
Analysis of data in chapters 4 and 5 was performed using Genstat software.  1610 
Circadian gene expression was analysed via cosinor analysis and analysed with 1611 
Mann-Whitney t-tests at each time point. Cosinor analyses were performed with a 1612 
cosinor non-linear regression model on GenStat (Version 9, VSN International Ltd, 1613 
Hemel Hempstead, UK), with all other analyses performed on GraphPad Prism 7.   1614 
2.6.6 Cosinor analysis of time course parameters  1615 
Both gene expression and circadian behavioural assays were measured via cosinor 1616 
analysis, which fits a cosine function to data to best estimate the oscillation of an 1617 
oscillating variable, with previous methods being particularly sensitive to outliers. 1618 
Three parameters were produced: mesor – an adjusted mean to give the central 1619 
tendency of the oscillating variable; acrophase – the time at which the peak of the 1620 
rhythm occurs; and amplitude – the difference between the peak/trough and the 1621 
mesor (figure 2.2).  Data was fitted with a non-linear regression using the following 1622 
equation: Yt=M+Acos(2πt/τ+ϕ+et). Where: M = Mesor, A = Amplitude, ϕ = 1623 
Acrophase, τ = Period and et = Error term.  1624 
 1625 
 1626 
 1627 
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Figure 2.2:  The 1628 
three 1629 
parameters that 1630 
are produced via 1631 
cosinor 1632 
analysis. The 1633 
mesor – the adjusted mean of the central tendency of the oscillating variable; 1634 
amplitude: the between the peak/trough, and acrophase: the point in the cycle at 1635 
which activity is maximal. 1636 
 1637 
 1638 
 1639 
 1640 
 1641 
 1642 
 1643 
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Chapter 3: 1644 
Periconceptional maternal alcohol consumption leads to behavioural changes in 1645 
adult and aged offspring and alters the expression of hippocampal genes associated 1646 
with learning and memory and regulators of the epigenome.  1647 
This paper has been published in its entirety as: 1648 
Lucia D, Burgess D, Cullen CL, Dorey ES, Rawashdeh O, Moritz KM. (2019). 1649 
Periconceptional maternal alcohol consumption leads to behavioural changes in 1650 
adult and aged offspring and alters the expression of hippocampal genes associated 1651 
with learning and memory and regulators of the epigenome. Behav Brain Res. Apr 1652 
19;362:249-257 1653 
This chapter will be presented in the format as published in the journal: Behavioural 1654 
Brain Research. References are numbered.  1655 
 1656 
 1657 
 1658 
 1659 
 1660 
 1661 
 1662 
 1663 
 1664 
 1665 
 1666 
 1667 
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Highlights 1688 
• Periconceptional alcohol consumption programmed a long-term anxiety 1689 
phenotype in female but not male offspring at 6 months of age. 1690 
• Periconceptional alcohol consumption resulted in spatial memory deficits only in 1691 
female offspring at 18 months of age. 1692 
• Periconceptional maternal alcohol consumption resulted in an upregulation of 1693 
hippocampal mRNA expression of bdnf, grin2a and grin2b in male and female 1694 
offspring at 18 months of age. 1695 
• mRNA expression of genes regulating the epigenome including dnmt1, dnmt3a 1696 
and hdac2 were increased in the hippocampus of offspring in a sex specific 1697 
manner. 1698 
• Results suggest alcohol around the time of consumption can cause behavioural 1699 
deficits associated with altered hippocampal gene expression.  1700 
 1701 
 1702 
 1703 
 1704 
 1705 
 1706 
 1707 
 1708 
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3.1 Abstract  1709 
Maternal alcohol consumption throughout pregnancy can result in long term 1710 
behavioural deficits in offspring. However, less is known about the impact of alcohol 1711 
during the periconceptional period (PC). The aim of this study was to examine the 1712 
effect of PC ethanol (PC:EtOH) exposure on long term cognitive function; including 1713 
memory and anxiety. Rats were exposed to a liquid diet containing ethanol (EtOH) 1714 
(12.5% vol;vol) or a control diet from 4 days prior to mating until day 4 of pregnancy.  1715 
Separate cohorts of animals were tested at 6 months (adult) or 15–18 months of age 1716 
(aged). Offspring underwent a series of behavioural tests to assess anxiety, spatial 1717 
and recognition memory. The hippocampus was collected, and mRNA expression of 1718 
epigenetic modifiers and genes implicated in learning and memory were examined. 1719 
PC:EtOH exposure resulted in a subtle anxiety like behaviour in adult female 1720 
offspring with a significant reduction in directed exploring/head dipping behaviour 1721 
during holeboard testing. In aged male offspring, PC:EtOH exposure resulted in a 1722 
tendency for increased directed exploring/head dipping behaviour during holeboard 1723 
testing. No differences between treatments were observed in the elevated plus 1724 
maze. Aged female offspring exposed to PC:EtOH demonstrated short term spatial 1725 
memory impairment (P<0.05). PC:EtOH resulted in an upregulation of hippocampal 1726 
mRNA expression of bdnf, grin2a and grin2b at 18 months of age along with 1727 
increased expression of epigenetic modifiers (dnmt1, dnmt3a and hdac2). In 1728 
conclusion, PC:EtOH can lead to sex specific anxiety-like behaviour and 1729 
impairments in spatial memory and altered hippocampal gene expression. 1730 
Keywords: spatial memory, anxiety, hippocampus, methyltransferases, NMDAR2A,  1731 
NMDAR2B  1732 
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3.2 Introduction 1733 
It is well established that alcohol consumption during pregnancy can have 1734 
detrimental effects on the developing foetus and surviving offspring [1]. Children 1735 
exposed to high levels of alcohol in utero develop a range of deleterious cognitive 1736 
outcomes, with fetal alcohol syndrome being at the most severe end of this spectrum 1737 
[2]. Animal models have determined that the relative severity of impairment is 1738 
dependent upon the dose, timing, and duration of alcohol exposure [3]. To date, 1739 
there has been a large focus on moderate to high dose maternal alcohol 1740 
consumption, either throughout pregnancy or during the third trimester human 1741 
equivalent when central nervous system (CNS) development is at its peak [3]. These 1742 
studies have shown that in rodents, moderate to high levels of exposure during this 1743 
developmental period leads to learning and memory deficits [4-6], particularly 1744 
reduced spatial learning and spatial navigation in offspring.  1745 
Another time point of development which is gaining considerable interest is the time 1746 
around conception – the periconceptional (PC) period. This PC period includes 1747 
preconception events occurring prior to fertilisation of the oocyte by the sperm, 1748 
including oocyte maturation and ovulation, and post fertilisation in the 1749 
preimplantation period [7-9]. The PC period has been established to be a critical 1750 
window that can cause developmental programming of adult disease [10]. However, 1751 
what has not been established is the impact of maternal alcohol consumption around 1752 
the time of conception and its effects on long term cognitive outcomes. This time 1753 
window is of particular importance as ~50% of pregnancies are unplanned [11], as 1754 
such; women are unknowingly consuming alcohol around the time of conception. 1755 
During this PC period, the embryo undergoes genome wide epigenetic 1756 
reprogramming leading to the hypothesis that epigenetic changes, such as DNA 1757 
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methylation may underpin programming outcomes [8-10]. It has been postulated that 1758 
the alterations in DNA methylation during very early development, may persist into 1759 
adulthood and influence behavioural responses to environmental stressors [12]. 1760 
Indeed, early alcohol exposure in a mouse model can alter the epigenome of the 1761 
early embryo and lead to postnatal growth restriction and craniofacial dysmorphology 1762 
reminiscent of fetal alcohol syndrome [12]. Similarly, maternal under-nutrition during 1763 
the PC period in the mouse, can result in long term disease outcomes, such as 1764 
hypertension [8].  Emerging data supports a role for DNA methylation and its 1765 
molecular mediators; namely the DNA methyltransferases, in regulating gene 1766 
expression of molecular factors involved in memory formation and behavioural 1767 
plasticity [13,14]. Brain derived neurotrophic factor (bdnf) is one of the most widely 1768 
distributed molecules in the brain, involved in a range of neurophysiological 1769 
processes [15]. Expression of bdnf which contributes to long-term memory formation 1770 
is upregulated in the hippocampus after spatial learning [16,17] and its expression 1771 
has been linked to memory enhancement in rats [18]. Developmental alcohol 1772 
exposure throughout pregnancy in animal models can have long lasting impact on 1773 
bdnf gene expression, contributing to alcohol-related deficits in learning and memory 1774 
formation [19,20].  1775 
Histone modifications are another important epigenetic mechanism that may 1776 
underpin the dynamic changes in gene transcription responsible for memory 1777 
formation and maintenance [20]. Disruption of the activity of histone acetylase 1778 
transferases (HATs) by histone deacetylase transferases (HDACs) interferes with 1779 
long-term memory formation [21]. Neuron-specific overexpression of hdac2 has been 1780 
shown to decrease dendritic spine density, synapse number, synaptic plasticity and 1781 
memory formation in a mouse model, while hdac2 deficiency results in increased 1782 
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synapse number and memory facilitation [22]. The N-methyl-D-aspartate receptor 1783 
(NMDAR) plays an essential role in brain plasticity, giving the brain the ability to 1784 
change in response to stimuli, such as during learning. It is well established that 1785 
NMDAR is a major target of alcohol in the brain [13], and one of the key molecular 1786 
mechanisms in alcohol mediated NMDAR alteration is that of histone modification 1787 
through chromatin remodelling and DNA methylation [20]. While a myriad of studies 1788 
have indicated that the NMDAR’s are particularly vulnerable to developmental 1789 
alcohol induced changes in the brain [23, 24]; it has not been established if PC:EtOH 1790 
exposure can lead to lasting alterations in patterns of nmdar and bdnf gene 1791 
expression. 1792 
We have established a rat model of maternal ad libitum PC:EtOH exposure and have 1793 
recently reported that this paradigm leads to alterations in the expression of key 1794 
molecular components of the mesolimbic reward pathway, associated with a 1795 
heightened preference for offspring to consume high fat food [25], as well as fetal 1796 
growth restriction and altered placental development in late gestation [26]. This 1797 
PC:EtOH exposure also causes glucose intolerance and insulin insensitivity in rat 1798 
offspring, which is associated with changes in DNA methyltransferases in the fetal 1799 
liver [27]. Here, we explored the effects of alcohol exposure during this vulnerable 1800 
period on long term behavioural outcomes in male and female offspring during early 1801 
adulthood and in old age. We hypothesized that PC:EtOH exposure would result in 1802 
anxiety and learning and memory deficits and these would be associated with altered 1803 
hippocampal gene expression levels evident by changes in epigenetic and histone 1804 
modifiers including the DNA methyltransferases (dnmt1, dnmt3a) and histone 1805 
deacetylases (hdac2). In turn, we hypothesized this would result in altered 1806 
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expression of bdnf, and the genes encoding for the major subunits of hippocampal 1807 
Nmdar2a and Nmdar2b (grin2a and grin2b).  1808 
3.3 Materials and methods 1809 
Animal Ethics Approval: All experiments were performed at the University of 1810 
Queensland and were approved by the University of Queensland Anatomical 1811 
Bioscience Animal Ethics Committee before the commencement of the study. 1812 
3.3.1 Study design and animals 1813 
Female Sprague-Dawley rats consumed a control or ethanol (EtOH) containing liquid 1814 
diet (12.5% v/v) as previously reported [25,26]. In brief, female rats were placed on 1815 
their respective diets for 4 days (denoted as embryonic day [E]-4 to E-1) at which 1816 
point they were mated with a Sprague-Dawley male rat. Following mating, pregnant 1817 
dams were returned to individual cages and continued on their pre-pregnancy diets. 1818 
At E5 the liquid diet ceased, and all rats were placed on standard laboratory rat chow 1819 
and given water ad libitum. Offspring were weaned at postnatal day 21 and 1820 
continued on standard chow until adulthood.  1821 
3.3.2 Behavioural testing 1822 
Two separate groups of animals were tested in one of the two age groups; 4–6 1823 
months (adult) or 15–18 months (aged). The number of animals included in the 1824 
analysis for individual tests are included in the figure legends. Animals were 1825 
randomly chosen, ensuring no more than two animals per sex from any individual 1826 
litter were used. The animals were housed in groups (2-3) of same sex and 1827 
treatment with the same controlled conditions for each cage. All behavioural testing 1828 
was conducted at the same time of day during the animals active phase (dark 1829 
period) of the cycle under dim red light. 1830 
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Holeboard, elevated plus maze, Y maze and 2 object novel recognition behavioural 1831 
assays were conducted as previously reported [28,29]. In brief, short term spatial 1832 
memory was assessed using a Y maze task with the trial consisting of the acquisition 1833 
phase and the test phase. During the acquisition phase, the novel arm of the maze 1834 
was blocked off, and the rats were placed in the start arm and allowed to explore the 1835 
start and familiar arms freely for 15 minutes. Following the acquisition phase, they 1836 
were returned to their home cage for one hour. The novel arm was then unblocked, 1837 
and the rats were placed back in the maze and allowed to explore all three arms of 1838 
the maze freely for 5 minutes (test phase). Spatial memory performance was 1839 
measured as the number of entries and percentage of time spent in the novel arm of 1840 
the Y maze. Activity was presented as a percentage of total time exploring all arms.   1841 
Short term recognition memory was assessed using a novel object recognition test 1842 
as previously reported [30-31]. The arena consisted of a grey acrylic open field with 1843 
a raised floor in it. The task procedure comprised three phases: habituation to the 1844 
open arena, familiarization to the objects, and the test phase. In the habituation 1845 
phase, each animal freely explored the open field arena in the absence of objects for 1846 
10 minutes. The animal was then removed from the arena and placed in its home 1847 
cage for 24 hours. On the testing day during the familiarization phase, a single 1848 
animal was placed in the open-field arena containing two objects of identical size, 1849 
shape, colour and material (A + A), for 3 minutes. To prevent coercion to explore the 1850 
objects, rodents were released against the centre of the opposite wall with its back to 1851 
the objects. After a retention interval of 15 minutes (short term memory), the animals 1852 
were returned to the open-field arena for 3 minutes with two objects, one was 1853 
identical to the sample, and the other was novel (A + B). Recognition memory was 1854 
evaluated by the animals ability to recognize a novel object in the environment. The 1855 
  
76 
 
differences in exploration time of novel and familiar objects and amount of contact 1856 
time to each object was assessed. A decrease in the percentage of time rodents 1857 
spent interacting with the novel object was an indication of a recognition memory 1858 
deficit. 1859 
Aspects of anxiety-like behaviour were assessed using a holeboard and elevated 1860 
plus maze apparatus. The holeboard consisted of a grey acrylic open field with a 1861 
raised floor that had four holes situated in it. The rat was placed in one corner facing 1862 
the wall and allowed to explore the arena for 10 minutes. The frequency and time 1863 
spent head dipping into the holes was measured as a sign of neophobia. The 1864 
percentage of time spent in the centre of the arena was measured as a sign of 1865 
anxiety-like behaviour. The elevated plus maze consisted of a grey acrylic maze with 1866 
two open, and two closed arms mounted on a metal stand. The rat was placed in the 1867 
centre of the maze facing the open arm and left to explore the maze for a single 10- 1868 
minute trial. The percentage of time spent on the open arms was recorded as an 1869 
indication of anxiety-like behaviour. An increase in open arm activity (duration and/or 1870 
entries) reflected reduced fearfulness, and a decrease in open arm activity reflected 1871 
anxiety-like behaviour.  1872 
3.3.3 Tissue collection 1873 
At the completion of the behavioural tests, rats were euthanized with an overdose of 1874 
sodium pentobarbital (Lethabarb; 0.1mg/kg body weight). The brains were removed, 1875 
weighed and the dorsal hippocampus dissected out (bregma −2.28 to −3.64) [32] 1876 
from the left hemisphere, snap frozen in liquid nitrogen and stored at -80°C.  1877 
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3.3.4 Gene expression studies  1878 
Hippocampal RNA (N=6-7 per sex/group) was extracted using the RNeasy Mini-Kit 1879 
(Qiagen, VIC, Australia), reverse transcribed into cDNA, and qPCR conducted using 1880 
TaqMan Gene Expression Assays with the following Assays-on-Demand: 1881 
primer/probe sets (Applied Biosystems., CA, USA); grin2a (Rn00561341_m1), grin2b 1882 
(Rn00680474_m1), bdnf (Rn01484928_m1), dnmt1 (Rn00709664_m1), dnmt3a 1883 
(Rn01027162_g1) and hdac 2 (Rn01193634_g1). Technical replicates were used 1884 
and a panel of housekeepers were trialled, with three found to be unchanged by 1885 
treatment and sex. qPCR data was analysed using each reference gene separately, 1886 
as well as the geometric mean of all three reference genes. The gene expression 1887 
results remained similar when using the geometric mean and/or each reference gene 1888 
separately. Thus, for accurate and reliable normalisation, the geometric mean of Rn-1889 
18s, Rn-GAPDH and Rn-RPL-19 were used as the endogenous control. qPCR 1890 
results were analysed in duplicates using the 2-ΔΔCT method as described 1891 
previously (25).  For normalisation, all groups were compared with the average of the 1892 
male control group. 1893 
3.3.5 Western blot analysis 1894 
Hippocampi (N=6 per group/per sex) were dissected and western blot protocol was 1895 
adapted from LI-COR. In brief, tissue was homogenised in RIPA lysis buffer 1896 
containing a 1% cocktail of protease inhibitors. Tissue homogenates were 1897 
centrifuged at 4°C for 10 minutes at 10,000 RPM. The supernatant was collected, 1898 
and 30μg of total protein was loaded onto a 10% gel and subjected to SDS-PAGE. 1899 
Proteins were transferred to FL PVDF membranes (Bio-Rad), blocked in SDS 1900 
blocking buffer and incubated with rabbit anti-NMDAR1 antibody (1:500, Millipore, 1901 
product code AB9864) overnight at 4°C. Mouse polyclonal anti-beta actin antibody 1902 
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was used as an endogenous control (1:30,000, Sigma-Aldrich, product code A1978). 1903 
Anti-rabbit (1:15,000) and anti-mouse (1:15,000) fluorescent secondary antibodies 1904 
(Millennium Science) were used. The membrane was scanned using the LI-COR 1905 
Odyssey® imaging system. 1906 
Quantitative protein expression was analysed using Image Studio™ Software with 1907 
the background subtraction method. Relative expression of NMDAR1 was 1908 
determined by measuring band intensity relative to β-actin.  1909 
3.3.6 Statistics  1910 
Statistical analyses were performed using GraphPad Prism 7 software (GraphPad 1911 
Software, CA, USA). All data are presented as the mean ± the standard error of the 1912 
mean (SEM). Significant differences between groups were defined as a p-value 1913 
<0.05. The effect of treatment (PTrt) and sex (PSex) and the interaction between 1914 
these factors (PInt) in behavioural testing and gene expression were analysed by a 1915 
two-way ANOVA, using Bonferroni’s post hoc test as appropriate. Where data was 1916 
not normally distributed, data was firstly separated according to sex and a Mann- 1917 
Whitney test was performed. Body weights, brain weights and protein expression 1918 
were analysed using a two-tailed unpaired t-test. 1919 
3.4 Results 1920 
3.4.1 Offspring parameters 1921 
There was no significant effect of PC:EtOH on body weights at the beginning of 1922 
behavioural testing at either age, although females weighed less than males 1923 
(Supplementary Figure 1). Brain weights at post-mortem were also not different in 1924 
female adult offspring (PTrt=0.11), male adult offspring (PTrt=0.63), aged female 1925 
offspring (PTrt=0.71) or male aged offspring (PTrt=0.99).  1926 
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3.4.2 Behavioural outcomes: Spatial and recognition memory performance  1927 
Adult offspring: There was no effect of treatment, sex or interactions between factors 1928 
for total arm entries (fig 1A), number of entries into the novel arm (fig 1B), or 1929 
percentage of time spent in the novel arm of the Y maze (fig 1C). No significant 1930 
difference was seen in the time spent or number of start or second arm entries 1931 
(Supplementary Figure 2).  1932 
Aged offspring: There was no effect of treatment, sex or interaction for total arm 1933 
entries (fig 1D), number of entries into the novel arm (fig 1E), time spent or number 1934 
of second arm entries (Supplementary Figure 3). However, a two-way ANOVA 1935 
revealed a significant interaction effect between treatment and sex (PInt=0.04). 1936 
Posthoc analysis revealed female offspring exposed to PC:EtOH spent 1937 
approximately 25% less time in the novel arm of the Y maze (fig 1F) compared to 1938 
their control counterparts. There was also a tendency for female rats in the PC:EtOH 1939 
group to make more start arm entries (PSex=0.05) (Supplementary Figure 3). 1940 
Recognition memory using a two-object recognition test was assessed in adult 1941 
offspring only, by analysing novel object exploration. There were no significant 1942 
effects of treatment, sex or interactions between factors for the percentage of time 1943 
spent exploring the novel object (fig 2A), number of novel object contact (fig 2B) or 1944 
percentage of total time exploring both objects (fig 2C). There was also no difference 1945 
between the percentage of time spent exploring the familiar object or the number of 1946 
contacts with the familiar object (Supplementary Figure 4).   1947 
3.4.3 Anxiety testing  1948 
The time spent in the centre of the holeboard arena and exploration of holes were 1949 
recorded as measures of anxiety-like behaviour and neophobia, respectively. In adult 1950 
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offspring, PC:EtOH exposed female offspring displayed a significant decrease in the 1951 
number of head dips (P=0.04; fig 3C). However, no difference was observed in adult 1952 
male offspring (fig 3A). No difference was seen in the percentage of time spent in the 1953 
centre of the holeboard, the number of centre entries, or the number of perimeter 1954 
entries (Supplementary Figure 5). In aged offspring, holeboard testing revealed a 1955 
trend towards an increase in the number of head dips in male PC:EtOH offspring 1956 
(P=0.06; fig 3B). However, no difference was seen in the percentage of time spent in 1957 
the centre of the holeboard, the number of centre entries, or the number of perimeter 1958 
entries (Supplementary Figure 5). 1959 
Open arm exploration and total arm entries in the elevated plus maze were assessed 1960 
as an indication of anxiety-like behaviour and activity levels, respectively. In both 1961 
adult and aged offspring there was no significant difference in the percentage of time 1962 
spent in the open arm (fig 3E & 3F). Furthermore, no difference was seen in the 1963 
number of open arm entries, total arm entries, amount of time spent in the closed 1964 
arm, or the number of closed arm entries (Supplementary Figure 6 & 7).  1965 
3.4.4 Dnmt1, dnmt3a and hdac2 gene expression in the aged hippocampus 1966 
Dnmt1 mRNA expression was significantly increased in the hippocampus of 1967 
PC:EtOH exposed offspring (PTrt=0.04) with an interaction effect also observed 1968 
between sex and treatment (PInt=0.001) (fig 4A). A post hoc analysis revealed 1969 
dnmt1 expression was significantly increased in PC:EtOH exposed male offspring as 1970 
compared to control male offspring (P<0.05). Furthermore, dnmt3a mRNA 1971 
expression was significantly increased in PC:EtOH offspring (PTrt=0.0002) with an 1972 
interaction effect between sex and treatment (PInt=0.003). A post hoc analysis 1973 
revealed dnmt3a mRNA expression was significantly increased in PC:EtOH exposed 1974 
male offspring as compared to control male offspring (P<0.05) (fig 4B). Hdac2 mRNA 1975 
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expression was significantly increased in PC:EtOH offspring (PTrt=0.009), with a 1976 
post hoc analysis demonstrating hdac2 expression significantly higher in male 1977 
offspring exposed to PC:EtOH (P<0.05, fig 4C).   1978 
3.4.5 Gene expression of bdnf, grin2a and grin2b in the hippocampus of aged 1979 
offspring 1980 
A treatment effect was observed on bdnf mRNA expression (PTrt=0.01) (fig 5A) in 1981 
the hippocampus of offspring exposed to PC:EtOH. Expression of grin2a (encoding 1982 
NMDAR2A) was significantly increased in PC:EtOH exposed offspring of both sexes 1983 
(PTrt=0.04) (fig 5B). While grin2b (encoding NMDAR2B) was also significantly 1984 
increased in PC:EtOH exposed offspring of both sexes (PTrt=0.01), with a post hoc 1985 
analysis showing grin2b mRNA expression significantly increased in PC:EtOH 1986 
exposed male offspring as compared to control male offspring (P<0.05) (fig 5C). 1987 
3.4.6 Protein expression of NMDAR2A in the hippocampus of adult offspring 1988 
There was no effect of treatment on NMDAR2A protein levels in the adult 1989 
hippocampus (fig 5D).  1990 
3.5 Discussion 1991 
The aim of this study was to investigate the long-term behavioural outcomes of 1992 
alcohol exposure around the time of conception, particularly on spatial memory, 1993 
recognition memory, and anxiety. Overall, PC:EtOH led to subtle sex and age 1994 
specific changes in behaviour, specifically in anxiety and spatial memory domains. 1995 
These behavioural outcomes were also associated with changes in gene expression 1996 
relating to learning and memory and the epigenetic modifiers. Our model of PC:EtOH 1997 
exposure did not lead to an overt anxiety-like behaviour in offspring, as evident from 1998 
elevated plus maze testing. However, holeboard testing did reveal a sex specific 1999 
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phenotype with adult female PC:EtOH offspring displaying reduced head dipping 2000 
behaviour. Other animal models have also shown anxiety-like behaviour associated 2001 
with prenatal alcohol exposure in both sexes. However, it is worth emphasising that 2002 
the majority of these studies used moderate to high levels of alcohol exposure during 2003 
periods of rapid brain development, particularly when neurogenesis and neuronal 2004 
differentiation is at its peak [6,33]. Our study also found distinct phenotypes at 2005 
different ages highlighting the complex nature of programmed behavioural outcomes 2006 
following alcohol exposure. 2007 
Our previous low dose model of ethanol exposure induced a subtle anxiety-like 2008 
behavioural phenotype in offspring that persisted into ageing. While there were some 2009 
occurrences of sex specific effects of prenatal alcohol exposure on anxiety-like 2010 
behaviour, these occurrences could not consistently be attributed to one sex [28]. In 2011 
the current study, although holeboard testing did reveal a sex specific phenotype 2012 
with adult female PC:EtOH offspring displaying reduced head dipping behaviour, this 2013 
did not persist in aged female offspring. Previous studies have also produced 2014 
conflicting results with respect to the effect of age on behaviour; one study reported 2015 
that younger Sprague Dawley animals are more anxious than older animals [34], 2016 
whereas others have reported the opposite [35].  In contrast to our adult holeboard 2017 
results, aged male offspring exposed to alcohol tended to have an increase in head 2018 
dipping behaviour. Based on previous literature, this may reflect an increase in 2019 
ambulatory and exploratory behaviour [33-35]. Another study has suggested that 2020 
increased head dipping may be due to increased fear, and thus represents an 2021 
escape response. Dursun and colleagues [36] have suggested that prenatal ethanol 2022 
exposure enhances unconditioned freezing in rat offspring, even when rats are less 2023 
sensitive to anxiety in elevated plus maze and open field testing. While PC:EtOH 2024 
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exposure did not lead to anxiety like behaviour in aged offspring, the increase in 2025 
head dipping behaviour in male PC:EtOH offspring indicates maladaptive coping and 2026 
response to a novel environment.   2027 
The mechanism behind the sex-specific phenotypes in adulthood is unknown. 2028 
Weinberg and colleagues [37] suggested that sex-specific fetal reprogramming of the 2029 
hypothalamic–pituitary–adrenal (HPA) system may underlie, at least partly, an 2030 
enhanced susceptibility of female alcohol-exposed offspring to anxiety like disorders 2031 
in adulthood [38]. Therefore, it is possible that PC:EtOH is mediating an altered 2032 
functional responsiveness of the HPA axis dependent on age and subsequently 2033 
affecting later life behavioural responsiveness. In particular, we noted a sex specific 2034 
spatial memory deficit in female PC:EtOH exposed offspring. This finding has lent 2035 
support to previous studies, such as Zang & An [39], which has shown prenatal 2036 
ethanol exposure to impair spatial cognition and synaptic plasticity in female 2037 
offspring. Several studies have also shown that in both humans and rats, the female 2038 
brain is more vulnerable than the brains of males to neurotoxic insults during chronic 2039 
ethanol exposure [40,41]. Whilst another study in rats report heavy binge like alcohol 2040 
exposure causing enduring deficits in spatial learning only in males [42]. Our study 2041 
for the first time suggests that alcohol around conception has the potential to 2042 
differentially modify behavioural responses later in life in an age and sex dependent 2043 
manner. 2044 
As memory deficits were observed in aged offspring following PC:EtOH, it was 2045 
important to investigate potential hippocampal changes further. Based on previous 2046 
research showing that developmental alcohol exposure can modulate differences in 2047 
hippocampal gene expression [43,44], we expected PC:EtOH to also produce a 2048 
similar change. Indeed, our gene expression analysis of the hippocampus in alcohol 2049 
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exposed offspring showed multiple changes. However, the increased hippocampal 2050 
mRNA expression of bdnf, grin2a and grin2b in treated offspring was unexpected 2051 
when taken in relation to the spatial memory deficit. Bdnf is highly expressed in the 2052 
developing and adult hippocampus and is a well-known neurotrophin that regulates 2053 
cell growth, cell differentiation, and synaptic modification [43]. As such, a spatial 2054 
memory deficit is usually associated with a reduction in bdnf gene expression in the 2055 
hippocampus [39]. The family of NMDAR’s are crucial for the induction of long-term 2056 
synaptic plasticity, with spatial learning and memory highly dependent on changes in 2057 
synaptic plasticity. Therefore, a spatial memory deficit is usually associated with a 2058 
decrease in hippocampal expression of these genes. Bdnf and the NMDAR’s are 2059 
particularly vulnerable to alcohol induced changes in offspring, irrelevant of the 2060 
timing of the exposure in utero [23-24, 44]. Thus, explanations for the increase in 2061 
these genes in our model could be suggestive of an overall compensatory 2062 
mechanism, or neuronal plasticity to cope with the new stimuli during behavioural 2063 
testing. In future studies, it would be important to associate these changes in gene 2064 
expression with protein immunoreactivity of neurons specifically expressing bdnf, 2065 
grin2a and grin2b in all three subregions of the hippocampus. This was beyond the 2066 
scope of this study; however it would further indicate if PC:EtOH is increasing 2067 
expression at functionally relevant levels in specific neurons, or if the increase is 2068 
expressed in the whole hippocampus. 2069 
Total protein expression of the NMDAR2A subunit was not altered in the 2070 
hippocampus despite the gene expression changes of NMDAR2A. This may suggest 2071 
that NMDAR subunit composition can be modulated differentially in the adult and 2072 
aged hippocampus due to the PC:EtOH insult. Previously published studies have 2073 
found that protein expression of the hippocampal NMDAR subunits: NR1, NR2A and 2074 
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NR2B, were significantly increased, however, this was only in male Wistar rats after 2075 
chronic ethanol exposure [45]. While programmed changes in NMDAR subunit 2076 
expression has been associated with changed behaviours in adult offspring, this has 2077 
predominately been shown through micronutrient deficiency such as maternal zinc 2078 
deficiency and developmental dietary vitamin D deficiency [46,47]. To better 2079 
understand our findings, we attempted to determine the ratio of protein expression 2080 
between NMDAR2A and NMDAR2B. We hypothesised that the PC:EtOH insult may 2081 
be altering this ratio, however, western blot analysis of NMDAR2A were not able to 2082 
be optimised. As such, we were not able to quantify the ratio and assess if this 2083 
switch was affected. 2084 
Intriguingly, we found increased mRNA expression of the epigenetic modifiers dnmt1 2085 
and dnmt3a; suggestive of hippocampal global hyper methylation [8,12]. Our finding 2086 
of hdac2 upregulation in male PC:EtOH exposed offspring was surprising given the 2087 
female spatial memory deficit observed. Hdac2 is a negative regulatory factor of 2088 
acetylation and closely related to learning and memory. Neuron-specific 2089 
overexpression of hdac2 has been shown to impair learning and memory in adult 2090 
mice, whereas embryonic deletion of hdac2 in the brain enhanced learning [48-49]. 2091 
Our results indicate that hdac2 upregulation is not driving the memory deficit 2092 
observed in our study. However, it should be emphasised that few studies have 2093 
addressed a complete pattern and timeline of dynamic changes in expression levels, 2094 
localisation or the multiple functional areas of hdac2 in the hippocampus. It is of 2095 
interest that our results have lent support to previous studies that suggest ethanol 2096 
can upregulate hdac2 through mechanisms involving oxidative stress and modulate 2097 
expression through dose dependent increases associated with alcohol exposure 2098 
[50].  Our results show for the first time, that alcohol exposure even in the very early 2099 
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stages of conception can alter hdac2 gene expression. Ongoing work will need to be 2100 
conducted to determine what other genes have been changed in the hippocampus 2101 
and whether these are correlated with alterations in methyltransferase and histone 2102 
modifiers. 2103 
3.6 Conclusion 2104 
We have shown that alcohol around the time of conception leads to sex and age 2105 
specific behavioural adaptations later in life, along with gene expression changes to 2106 
the methyltransferases, histone modifiers and other genes important for learning and 2107 
memory. However more studies need to be conducted to search for the specific 2108 
gene regulatory networks that may be epigenetically altered. Understanding the 2109 
effects of alcohol around the time of conception and the mechanisms involved may 2110 
provide the basis for effective therapeutic interventions. It is well established that 2111 
alcohol should be avoided during pregnancy, however health care professionals 2112 
must also be aware of the impact of alcohol exposure around the time of conception 2113 
and continue to promote the message of abstinence if planning a pregnancy.   2114 
3.7 Figure legends 2115 
Figure 3.1: Effects of PC:EtOH exposure on spatial memory in adult offspring at 4-6 2116 
months of age (adult – left panels) or at 15-18 months of age (aged – right panels) 2117 
with (control; white bars) and offspring exposed to PC:EtOH (black bars). There was 2118 
no significant difference in (A, D) total number of arm entries, or (B, E) number of 2119 
novel arm entries, in adult and aged offspring. There was also no difference in (C) 2120 
the % time spent in the novel arm of the Y maze in adult offspring. However, as seen 2121 
in (F) the % time spent in the novel arm of the Y maze was reduced in female aged 2122 
offspring.  Adult: Male: Control; N=8, PC:EtOH; N=10. Female: Control N=7, 2123 
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PC:EtOH; N=9. Aged: Male: Control; N=8, PC:EtOH; N=8. Female: Control; N=9, 2124 
PC:EtOH; N=7. Data presented as mean ± the standard error of the mean (SEM). 2125 
Figure 3.2: Effects of PC:EtOH exposure on recognition memory in adult offspring 2126 
with (control; white bars) and offspring exposed to PC:EtOH (black bars). No 2127 
significant difference was seen in (A) % time exploring the novel object, (B) number 2128 
of novel object contact or (C) % time exploring both the novel and familiar object at 2129 
4-6 months of age.  Male: Control; N= 8, PC:EtOH; N=11. Female: Control N=8, 2130 
PC:EtOH; N=9. Data presented as mean ± the standard error of the mean (SEM). 2131 
Figure 3.3: Effects of PC:EtOH exposure on anxiety like behaviour in holeboard and 2132 
elevated plus maze testing in adult offspring at 4-6 months of age (adult – left 2133 
panels) or at 15-18 months of age (aged – right panels), with (control; white bars) 2134 
and offspring exposed to PC:EtOH (black/grey bars in 3B). Holeboard testing 2135 
revealed PC:EtOH exposure resulted in a significant decrease in the number of head 2136 
dips in adult female PC:EtOH offspring (fig 3C), however no difference was observed 2137 
in adult male offspring (fig 3A). In aged offspring, holeboard testing showed a trend 2138 
towards an increase in the number of head dips in male PC:EtOH offspring, fig 3B). 2139 
Elevated plus maze testing revealed no significant difference in the percentage of 2140 
time spent out on the open arm in adult and aged offspring (fig 3E & 3F 2141 
respectively). Adult: Male: Control; N=7, PC:EtOH; N=8. Female: Control N=11, 2142 
PC:EtOH; N=10. Aged: Control; N= 8, PC:EtOH; N=9. Female: Control; N=8, 2143 
PC:EtOH; N=8. Data presented as mean ± the standard error of the mean (SEM).  2144 
Figure 3.4: Hippocampal gene mRNA expression of (A) dnmt1 (B) dnmt3a and (C) 2145 
hdac2 in aged offspring, with (control; white bars) and offspring exposed to PC:EtOH 2146 
(black bars). Dnmt1 expression was significantly increased in PC:EtOH offspring with 2147 
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a treatment, sex and interaction effect observed. Post hoc analysis also revealed a 2148 
significant sex effect with dnmt1 expression upregulated in male PC:EtOH offspring 2149 
(fig 4A, P<0.05). PC:EtOH exposure led to a significant increase in dnmt3a 2150 
expression, with a significant treatment, sex and interaction effect observed in 2151 
PC:EtOH offspring. Post hoc analysis also revealed a significant sex effect with 2152 
dnmt3a expression upregulated in male PC:EtOH offspring (fig 4B, P<0.05). Hdac2 2153 
mRNA was significantly increased in PC:EtOH offspring with a significant sex effect 2154 
observed in male PC:EtOH offspring, confirmed though a post hoc analysis (fig 4C, 2155 
P<0.05). Male: Control; N=6-7, PC:EtOH; N=6-7. Female: Control; N=6-7, PC:EtOH; 2156 
N=6-7. Data presented as mean ± the standard error of the mean (SEM). 2157 
Figure 3.5: Hippocampal gene mRNA expression of learning and memory activity 2158 
related genes in aged offspring in (control; white bars) and offspring exposed to 2159 
PC:EtOH (black bars). (A) bdnf, (B) grin2a (C) grin2b. A significant treatment effect 2160 
was observed with PC:EtOH offspring displaying a significantly higher bdnf mRNA 2161 
expression as compared to controls (fig 5A). Furthermore, grin2a (NMDAR2A) and 2162 
grin2b (NMDAR2B) was significantly increased in PC:EtOH offspring, with a post hoc 2163 
analysis showing grin2b mRNA expression significantly increased in PC:EtOH 2164 
exposed male offspring (fig 5B & 5C respectively P<0.05). Male: Control; N=7, 2165 
PC:EtOH; N=7. Female: Control; N=7, PC:EtOH; N=7. (D) Hippocampal protein 2166 
expression of NMDAR2A in adult female offspring in control (open bars) and female 2167 
offspring exposed to PC:EtOH (closed bars). No difference was seen in hippocampal 2168 
protein expression in PC:EtOH offspring as compared to its control counterparts (fig 2169 
5D). Male: Control; N=6, PC:EtOH; N=6. Female: Control; N=6, PC:EtOH; N=6. Data 2170 
presented as mean ± the standard error of the mean (SEM).  2171 
 2172 
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Figure 3.1 2185 
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Figure 3.2 2187 
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Figure 3.3 2190 
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Figure 3.4 2194 
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Figure 3.5 2197 
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3.8 Supplementary Material  2203 
Periconceptional maternal alcohol consumption leads to behavioural changes in 2204 
adult and aged offspring and alters expression of hippocampal genes associated 2205 
with learning and memory and regulators of the epigenome 2206 
Lucia D1, Burgess D,1 Cullen CL1,2, Dorey ES1, Rawashdeh O1, Moritz, KM 1,3 2207 
Correspondence email: K.moritz1@uq.edu.au  2208 
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 2209 
Supplementary Figure 1: Body weights at the beginning of behavioural testing:  2210 
Body weight in adult offspring (A) and aged offspring (B). There was a significant sex 2211 
effect with adult female offspring weighing less than male offspring (Psex<0.001). 2212 
Male: Control; N=8, PC:EtOH; N=8. Female: Control; N=9, PC:EtOH; N=7. There was 2213 
also a significant sex effect in aged offspring with females weighing less than males 2214 
(P<0.001). Male: Control; N=8, PC:EtOH; N=8. Female: Control; N=9, PC:EtOH; N=8. 2215 
Data presented as mean ± the standard error of the mean (SEM). Open (white) bars 2216 
represent control animals and black (closed bars) represent PC:EtOH offspring. 2217 
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2224 
Supplementary Figure 2: Behavioural outcomes: Spatial memory performance.  2225 
Adult offspring: There was no significant difference in the (A) percentage of time spent 2226 
in the start arm, (B) the number of start arm entries, (C) the number of second arm 2227 
entries or (C) the percentage of time spent in the second arm of the Y maze. Male: 2228 
Control; N=8, PC:EtOH; N=10. Female: Control N=7, PC:EtOH; N=9. Data presented 2229 
as mean ± the standard error of the mean (SEM). Open (white) bars represent control 2230 
animals and black (closed bars) represent PC:EtOH offspring. 2231 
 2232 
 2233 
 2234 
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 2237 
Supplementary Figure 3: Behavioural outcomes: Spatial memory performance 2238 
Aged offspring: (A) There was a tendency for female offspring in the PC:EtOH group 2239 
to make more start arm entries. However no significant differences were seen in (B) 2240 
time spent in the second arm or (C) number of second arm entries. Male: Control; 2241 
N=8, PC:EtOH; N=8. Female: Control; N=9, PC:EtOH; N=7. Data presented as 2242 
mean ± the standard error of the mean (SEM). Open (white) bars represent control 2243 
animals and black (closed bars) represent PC:EtOH offspring. 2244 
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 2245 
 2246 
Supplementary Figure 4: Behavioural outcomes: Recognition memory performance 2247 
Adult offspring: There was no difference between (A) the percentage of time spent 2248 
exploring the familiar object or (B) the number of familiar object contact. Male: 2249 
Control; N= 8, PC:EtOH; N=11. Female: Control N=8, PC:EtOH; N=9. Data 2250 
presented as mean ± the standard error of the mean (SEM). Open (white) bars 2251 
represent control animals and black (closed bars) represent PC:EtOH offspring. 2252 
 2253 
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  2259 
Supplementary Figure 5: Behavioural outcomes: Holeboard testing  2260 
Effects of PC:EtOH exposure on anxiety like behaviour in holeboard testing in adult 2261 
(left panels) and aged (right panels) offspring. (A) & (B), there was no difference in 2262 
the percentage of time spent in the centre of the holeboard. (C) & (D), the number of 2263 
centre entries or (E) & (F), the number of perimeter entries. Adult: Male: Control; 2264 
N=8, PC:EtOH; N=11. Female: Control N=8, PC:EtOH N=10. Aged: Male: Control; 2265 
N=8, PC:EtOH; N=8. Female: Control; N=10, PC:EtOH; N=8. Data presented as 2266 
mean ± the standard error of the mean (SEM). Open (white) bars represent control 2267 
animals and black (closed bars) represent PC:EtOH offspring. 2268 
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 2269 
Supplementary Figure 6: Behavioural outcomes: Elevated plus maze testing 2270 
Effects of PC:EtOH exposure on anxiety like behaviour in adult offspring (left panels) 2271 
and at aged (right panels) offspring. (A) & (B), there was no difference in the number 2272 
of open arm entries or, (C) & (D), the number of total arm entries. Adult: Male: 2273 
Control; N=7, PC:EtOH; N=8. Female: Control N=11, PC:EtOH; N=10. Aged: Male: 2274 
Control; N= 8, PC:EtOH; N=9. Female: Control; N=8, PC:EtOH; N=8. Data presented 2275 
as mean ± the standard error of the mean (SEM). Open (white) bars represent 2276 
control animals and black (closed bars) represent PC:EtOH offspring. 2277 
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Supplementary Figure 7: Behavioural outcomes: Elevated plus maze testing 2281 
Effects of PC:EtOH exposure on anxiety like behaviour in adult offspring (left panels) 2282 
and at aged (right panels) offspring. (A) & (B), there was no difference in the 2283 
percentage of time spent in the closed arm, or (C) & (D), the number of closed arm 2284 
entries. Adult: Male: Control; N=7, PC:EtOH; N=8. Female: Control N=11, PC:EtOH; 2285 
N=10. Aged: Male: Control; N= 8, PC:EtOH; N=9. Female: Control; N=8, PC:EtOH; 2286 
N=8. Data presented as mean ± the standard error of the mean (SEM). Open (white) 2287 
bars represent control animals and black (closed bars) represent PC:EtOH offspring. 2288 
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Supplementary Table 1 2293 
 2294 
Supplementary Table 1: Relative hippocampal mRNA expression patterns of bdnf, 2295 
grin2a, grin2b, dnmt1, dnmt3a and hdac2 at 18 months of age.  2296 
 2297 
 2298 
 2299 
Group
Male Control 1.251955 1.064661 1.039435 1.412687 0.615615 0.895105 0.927200
Male PC:EtOH 2.299376 2.479231 2.58633 2.031214 2.509626 1.349578 0.823752
Female Control 1.641894 1.057500 1.145511 1.035025 0.668331 1.17002 2.329575
Female PC:EtOH 0.837451 1.204526 1.081094 0.758794 1.245561 1.187701 1.042935
Male Control 1.344767 1.064909 0.924323 1.625138 0.521488 0.903489 0.986641
Male PC:EtOH 1.829198 2.871552 3.341329 1.711349 2.945729 1.71025 2.523361
Female Control 1.659842 0.670582 1.239562 0.970425 0.641455 1.046816
Female PC:EtOH 1.109556 1.508566 1.395378 0.93288 1.381856 1.012949
Male Control 1.588436 1.354564 0.939731 1.277249 0.595975 0.624249 1.040796
Male PC:EtOH 2.46578 2.275998 1.77687 2.659297 1.534582 2.225200 0.804248
Female Control 1.695414 0.870907 0.971522 1.121238 0.573795 1.315306 1.683752
Female PC:EtOH 1.323498 1.795062 1.41867 1.435258 1.837803 1.749487
Male Control 2.547045 1.978337 1.306652 1.212879 0.314341 0.451904 0.881534
Male PC:EtOH 1.758497 5.088683 6.345733 2.349428 0.510995 3.26491 0.233785
Female Control 1.658394 0.941179 1.090699 1.697701 0.830335 1.301406 0.726320
Female PC:EtOH 1.740573 2.991251 2.288327 1.632158 1.836656 2.83788 1.286751
Male Control 2.996829 2.212278 2.438175 1.532098 0.229455 0.276611 0.636179
Male PC:EtOH 3.340716 4.052478 3.506614 3.435465 0.317641 3.727864 0.269608
Female Control 2.526301 1.565365 1.376857 1.689791 0.911434 2.590588 0.329282
Female PC:EtOH 1.685482 2.792118 2.122065 2.134798 1.405000 2.794959 2.189116
Male Control 1.880805 1.528916 1.343155 1.359738 0.340023 0.496997 1.126756
Male PC:EtOH 2.144632 3.53666 4.271037 3.035258 0.731063 2.364631 0.454123
Female Control 1.477316 0.99228 1.026394 1.075346 0.676536 1.609328 0.233686
Female PC:EtOH 1.377968 1.708726 1.444073 1.159556 1.356569 1.811324 1.535753
Fold change GRIN 2B
Fold change: HDAC 2
Fold change: BDNF
Fold change: GRIN 2A
Fold change: DNMT1
Fold change: DNMT3A
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4.1 Abstract   2481 
 2482 
In mammals, rhythms are considered under control of a master circadian clock 2483 
housed in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus. This 2484 
master circadian clock is a self-sustained evolutionary conserved negative and 2485 
positive feedback loop of transcriptional and translational regulators. Positive 2486 
regulators CLOCK and BMAL1 regulate the expression of the negative regulators; 2487 
the cryptochrome (CRY1 and CRY2) and period (PER1, PER2, PER3) families. 2488 
Alcohol exposure during gestation has been shown to disrupt the master circadian 2489 
clock and negatively influence behavioural and biological circadian rhythms in 2490 
offspring (Perkins et al., 2013).  Given the evidence that children exposed to alcohol 2491 
throughout gestation experience disruptions in sleep patterns, social deficits, 2492 
attention problems, and depression, and that these behavioural sequalae have been 2493 
suggested to be related to disturbances to the central clock due to alcohol (Gruber et 2494 
al., 2000; Ichikawa et al., 1993; Nestler et al., 2002; Sher, 2003), it was important to 2495 
also understand the long-term effects of maternal PCE exposure on the molecular 2496 
central clock in adult offspring. Rats received a liquid diet +/- 12.5% v/v ethanol 2497 
(PC:EtOH) or control from four days before to four days after mating. At 4-7 months 2498 
of age whole brains were collected at six different time points; 2:30am (ZT 2.5), 2499 
6:30am (ZT 6.5), 10:30am (ZT 10.5), 2:30pm (ZT 14.5), 6:30pm (ZT18.5) and 2500 
10:30pm (ZT 22.5). ZT refers to Zeitgeber Time, or time relative to the synchornising 2501 
agent for circadian rhythms (12-hour light/12-hour dark cycle – ZT 0 at lights on). 2502 
The SCN was dissected and mRNA levels of central molecular clock genes were 2503 
analysed.  Overall, the temporal patterning of SCN rhythms was altered for clock, 2504 
BMAL1, cry 1, cry 2, and per 1 differentially in female and male PC:EtOH offspring 2505 
over a 24-hour period. Collectively, these findings suggest that PC:EtOH exposure 2506 
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produces permanent alterations to the molecular clockwork that mediates the global 2507 
function of the SCN and this may have implications in circadian disruptions 2508 
associated with long lasting negative physiological consequences. 2509 
 4.2 Introduction 2510 
The role of the circadian system is to coordinate cellular processes, physiological 2511 
functions and behaviours within a 24-hour light dark cycle (Bell-Pedersen et al., 2512 
2005). In humans, rhythms include the daily patterning of sleep and wakefulness, 2513 
heart rate, blood pressure, appetite and hormonal fluctuations. Circadian rhythms 2514 
persist in the absence of external cues however, in the absence of environmental 2515 
factors cuing the oscillations, these rhythms persist with a period slightly longer or 2516 
shorter than 24 hours (Brown & Azzi 2013).  Circadian rhythms may be phase 2517 
shifted, with light as the strongest time cue (Zeitgeber). Every circadian rhythm has a 2518 
characteristic phase-response curve to light, food, and other stimulants (factors) with 2519 
effects resulting in either shifting the rhythms forward (accelerating the clock; phase 2520 
advance) or backward (slowing down the clock; phase delay (De Bacquer et al., 2521 
2009). In mammals, rhythms are considered under control of a master circadian 2522 
clock housed in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus. 2523 
Circadian clocks are distributed centrally and in peripheral tissues where they 2524 
rhythmically maintain tissue specific gene expression and physiology (Brown & Azzi 2525 
2013). 2526 
Alcohol has been shown to disrupt behavioural and biological circadian rhythms 2527 
(Perkins et al., 2013). These abnormalities include disrupted sleep/wake cycles in 2528 
humans, with animal studies showing disrupted circadian responses to light and 2529 
abnormal activity patterns in sprague dawley rats (Brager et al., 2010).  Furthermore, 2530 
oscillations in core body temperature, blood pressure, glucose and cholesterol 2531 
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rhythms are significantly affected by alcohol consumption (Peres et al., 2011). 2532 
Alcohol exposure during gestation and its possible consequences on the circadian 2533 
system has recently garnered interest as studies have shown that neonatal alcohol 2534 
exposure can also permanently disrupt the circadian properties and activity rhythm in 2535 
adult rats. Increasingly, studies are showing that developmental alcohol exposure in 2536 
a various species of rats can induce permanent alterations in SCN molecular 2537 
oscillations that comprise the circadian clock mechanism (Farnell et al., 2004). Most 2538 
studies have examined the effects of alcohol either during the entirety of pregnancy 2539 
or during mid/late gestation (see chapter 1: table 1.2).  However, given most women 2540 
abstain or reduce alcohol consumption upon pregnancy recognition, the current 2541 
study sought to investigate the impact of periconceptional alcohol consumption on 2542 
long term offspring circadian biology. In this study, we hypothesise that PCE would 2543 
alter the expression of suprachiasmatic clockwork components in adult offspring. 2544 
4.3 Methods 2545 
4.3.1 Ethics statement 2546 
All experiments were performed at the University of Queensland and were approved 2547 
by the University of Queensland Anatomical Bioscience Animal Ethics Committee. 2548 
4.3.2 Animal model 2549 
All details of animal breeding, including PCE diet administration have been detailed 2550 
in General Methods. In brief, virgin female Sprague Dawley rats were given free 2551 
access to either a 12.5%v/v EtOH diet (PC:EtOH) or control diet from 4 days before 2552 
mating to 4 days after mating. Offspring were weaned and placed onto a standard rat 2553 
chow. In this study, animals were housed in groups of same sex and treatment and 2554 
maintained under standard animal housing conditions (22°C) with a 12-hour light 2555 
cycle (12:00am lights on, 12:00pm lights off).  2556 
  
111 
 
4.3.3 Tissue collection 2557 
Animals between the ages of 4-7 months were killed humanely (no more than one 2558 
animal per sex and litter group were used).  Whole brains were collected at six 2559 
different time points; 2:30am (ZT 2.5), 6:30am (ZT 6.5), 10:30am (ZT 10.5), 2:30pm 2560 
(ZT 14.5), 6:30pm (ZT18.5) and 10:30pm (ZT 22.5). ZT refers to Zeitgeber Time, or 2561 
time relative to the synchronising agent for circadian rhythms (12-hour light/12-hour 2562 
dark cycle – ZT 0 at lights on). Whole brains were frozen on dry ice immediately and 2563 
stored in a -80oc freezer with the suprachiasmatic nucleus dissected at a later time. 2564 
Table 4.1 details the number of whole brains collected per group at each time point.  2565 
Other organs including liver, kidney and heart were also collected for other studies  2566 
 2567 
Table 4.1: Summary of post-mortem tissue collected per time point per group. 2568 
 2569 
4.3.4 Microdissection of the suprachiasmatic nucleus (SCN) 2570 
Whole brains were attached to the mounting head of Leica cryostat using OCT, with 2571 
the cerebellum face down. Sections were cut at 30um until the optic chiasm was 2572 
 Female Control Male Control Female PC:EtOH Male PC:EtOH 
2:30am (ZT 2.5) N=8 N=8 N=6 N=6 
6:30am (ZT 6.5) N=8 N=7 N=7 N=8 
10:30am (ZT 10.5) N=7 N=8 N=6 N=8 
2:30pm (ZT 14.5) N=6 N=7 N=6 N=8 
6:30pm (ZT 18.5) N=7 N=6 N=5 N=7 
10:30pm (ZT 22.5) N=7 N=8 N=6 N=6 
Total N = 163 
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visualised (Bregma -0.48mm) with the guidance of a rat atlas and light microscopy. 2573 
Once the optic chiasm was visualised sections were cut and placed onto slides until 2574 
the SCN was visualised with light microscopy (Bregma 0.72mm). Once visualised 2575 
the SCN was micro-dissected, placed in an eppendorf and frozen immediately on dry 2576 
ice and stored in a -80oC freezer.  2577 
4.3.5 Tissue analysis: RNA extraction 2578 
RNA was extracted from samples of the SCN using the Qiazol extraction method of 2579 
5-10mg of tissue and cDNA was synthesised using an IScript reverse transcription 2580 
kit (Bio-Rad) as per the manufacturer’s instructions (see General methods). The 2581 
mRNA expression levels of clock circadian regulator (Clock; NM_001289832.1),  Aryl 2582 
Hydrocarbon Receptor Nuclear Translocator-Like Protein 1 – also known as BMAL1 2583 
(ARNTL; Rn00577590_m1), period circadian clock 1 (Per1; NM_001034125.2), 2584 
period circadian clock 2 (Per2; NM_031678.1), cryptochrome circadian clock 1 2585 
(Cry1; NM_198750.2), cryptochrome circadian clock 2 (Cry2; NM_133405.2). For 2586 
accurate and reliable normalisation, the geometric mean of Rn-RPL-0, Rn-B actin 2587 
and Rn-RPL-19 were used as the endogenous control. Data was analysed using the 2588 
∆∆Ct method, with all groups compared with the average of the male control group 2589 
within each time point. 2590 
 2591 
 2592 
 2593 
 2594 
 2595 
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4.3.6 Statistics 2596 
Cosinor analyses were performed with a cosinor non-linear regression model on 2597 
GenStat (Version 9, VSN International Ltd, Hemel Hempstead, UK), with all other 2598 
analyses performed using xy linear regression analysis and Mann-Whitney t-tests at 2599 
each time point on GraphPad Prism 7. Through the cosinor method three 2600 
parameters were produced: mesor – an adjusted mean to give the central tendency 2601 
of the oscillating variable; acrophase – the time at which the peak of the rhythm 2602 
occurs; and amplitude – the difference between the peak or trough and the mesor.  2603 
Data was fitted with a non-linear regression using the following equation: 2604 
Yt=M+Acos(2πt/τ+ϕ+et). Where: M = Mesor, A = Amplitude, ϕ = Acrophase, τ = 2605 
Period and et = Error term. 2606 
See chapter 2: methods for a detailed methodology. 2607 
 2608 
4.4 Results 2609 
4.4.1 Clock, BMAL1, Cry1, Cry 2, Per1 and Per2 gene expression in the 2610 
suprachiasmatic nucleus 2611 
Cosinor analysis of clock gene expression showed the overall amplitude of 2612 
expression was significantly increased in female PC:EtOH offspring (P=<0.0001). 2613 
However, in male offspring the mesor, amplitude and acrophase of these SCN 2614 
rhythms in clock gene expression was similar between treatment groups (Figure 4.1 2615 
& Table 4.1). BMAL1 expression was not significantly different in male PC:EtOH 2616 
offspring, however overall the temporal patterning over the subjective day and night 2617 
was markedly different as compared to female offspring (Figure 4.1 C & D 2618 
respectively). Female offspring exposed to PC:EtOH displayed a significant 2619 
difference in amplitude of expression as compared to their control counterparts. 2620 
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(P=0.0001) A decrease in overall amplitude was observed during the subjective day 2621 
between ZT 0 to ZT 10, while a two-fold increase in amplitude was observed during 2622 
the subjective night between ZT 10.5 to ZT 20. The amplitude of cry 1 expression 2623 
was significantly increased in male offspring exposed to PC:EtOH as compared to 2624 
their control counterparts (P =0.01) (Figure 4.2 & Table 4.2). It was noted that 2625 
although the data could be fitted to a cosinor curve, the male control data for cry 1 2626 
had a very small amplitude. However, no differences in the mesor, amplitude or 2627 
acrophase of cry 1 expression was observed in female offspring. Within the male 2628 
PC:EtOH group, significant variation was observed in the temporal pattern of cry 2 2629 
expression as compared to controls, with an almost two-fold amplitude increase in 2630 
expression between ZT 5 to ZT 18.5 (P=0.01). Overall mesor was also significantly 2631 
different in male PC:EtOH offspring (P=0.03). However, no significant variation was 2632 
observed in cry 2 expression during the light or dark phase in female PC:EtOH 2633 
offspring as compared to controls (Figure 4.2 & Table 4.2). Significant temporal 2634 
variation was observed in per 1 expression in female offspring exposed to PC:EtOH, 2635 
with a two-fold amplitude increase between ZT 5 to ZT 18.5 (P=0.0008). However, in 2636 
males, the average rhythm was significantly decreased in male PC:EtOH as 2637 
compared to its control counter parts (P <0.0001). The mesor, amplitude and 2638 
acrophase of SCN rhythms in per 2 gene expression was not different between 2639 
treatment groups in male and female offspring (Figure 4.3 & Table 4.3).  2640 
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Figure 4.1: mRNA expression of clock & BMAL1 in the SCN of adult offspring  2642 
Clock mRNA expression in (A) male offspring and (B) female offspring and mRNA 2643 
expression of BMAL1 in (C) male offspring and (D) female offspring with black as 2644 
control and red as offspring exposed to ethanol (PC:EtOH).  2645 
 2646 
 2647 
 2648 
 2649 
 2650 
 2651 
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 2652 
Table 4.1: Mesor, amplitude and acrophase values: Derived from cosinor analysis 2653 
of SCN clock and BMAL1 gene expression in male and female adult offspring.  2654 
 2655 
Gene  Control PC:EtOH P 
 
Clock (Male) Mesor 1.058 ± 0.102 0.948 ± 0.0638 NS 
 
Amplitude 0.095 ± 0.149 0.2253 ± 0.0872 NS 
Acrophase 16.96 ± 5.97 16.64 ± 1.59 NS 
 
Clock (Female) 
 
 
 
 
 
 
BMAL1 (Male) 
 
 
 
 
 
 
BMAL1 (Female) 
Mesor 1.2584 ± 0.0682 1.577 ± 0.168 NS 
 
Amplitude 0.9736 ± 0.0959 1.206 ± 0.239 <0.0001 
 
Acrophase 
 
 
Mesor 
 
Amplitude  
 
Acrophase 
 
 
Mesor      
 
Amplitude  
 
Acrophase  
                                                   
12.7550 ± 0.378 
 
 
1.1029 ± 0.0575 
 
0.4087 ± 0.0802 
 
   0.768 ± 0.756  
 
 
1.1996 ± 0.0641 
 
0.2818 ± 0.0906 
 
5.38 ± 1.22 
 
 
 
 
     
13.285 ± 0.740 
 
 
1.0803 ± 0.0540  
 
0.5081 ± 0.0769 
 
1.514 ± 0.568 
 
 
   1.418 ± 0.115      
  
  0.540 ± 0.162 
 
3.57 ± 1.21 
NS 
 
 
NS 
 
NS 
 
NS 
 
 
NS 
 
<0.0001 
 
NS 
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 2656 
Figure 4.2: mRNA expression of cry 1 and cry 2 in the SCN: (A, C) male adult 2657 
offspring and (B, D) female adult offspring with black as control and red as offspring 2658 
exposed to ethanol (PC:EtOH). 2659 
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Table 4.2: Mesor, amplitude and acrophase values: Derived from cosinor analysis 2662 
of SCN cry 1 and cry 2 gene expression in male and female offspring. 2663 
Gene  Control PC:EtOH P 
 
Cry 1 (Male) Mesor 1.0046 ± 0.0062 1.0015 ± 0.0645 NS 
 
Amplitude 0.0164± 0.0978 0.2413 ± 0.0087 0.01 
 
Acrophase 15 ± 164 77.71 ± 1.53 NS 
 
Cry 1 (Female) Mesor 1.513 ± 0.143 1.577 ± 0.168 NS 
 
Amplitude 1.202 ± 0.240 1.387 ± 0.232 NS 
 
Acrophase 13.393 ± 0.643 12.88 ± 0.629 NS 
 
 
Cry 2 (Male) Mesor 1.81 ± 0.125 1.400 ± 0.141 0.03 
 
Amplitude 0.165 ± 0.172 0.508 ± 0.202 0.01 
 
Acrophase 15 ± 119 12.047 ± 1.470 NS 
 
Cry 2 (Female) Mesor 1.1919 ± 0.0698 1.182 ± 0.116 NS 
 
Amplitude 0.5329 ± 0.0972 0.382 ± 0.167 NS 
 
 
Acrophase 12.712 ± 0.723  12.076± 1.600 NS 
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Figure 4.3: mRNA expression of per 1 and per 2 in the SCN :(A, C) male adult 2664 
offspring and (B,D) female adult offspring with black as control and red as offspring 2665 
exposed to ethanol (PC:EtOH). 2666 
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Table 4.3: Mesor, amplitude and acrophase values: Derived from cosinor analysis 2672 
of SCN per 1 and per 2 gene expression in male and female offspring. 2673 
 2674 
 2675 
 2676 
 2677 
 2678 
 2679 
 2680 
Gene  Control PC:EtOH P 
 
Per 1 (Male) Mesor 0.9903 ± 0.0876 0.091 ± 0.121 <0.0001 
 
Amplitude 0.048 ± 0.161 0.091 ± 0.121 NS 
 
Acrophase 17 ± 210 18.2 ± 41.8 NS 
 
Per 1 (Female) Mesor 1.385 ± 0.120  1.552 ± 0.141 NS 
 
Amplitude 0.348 ± 0.169 1.053 ± 0.199 0.008 
 
Acrophase 13.75 ± 1.85 12.0052 ± 0.719 NS 
 
 
Per 2 (Male) Mesor 1.1176 ± 0.0963 0.9269 ± 00789 NS 
 
Amplitude 0.042 ± 0.133 0.045 ± 0.110 NS 
 
Acrophase 14.6 ± 98.3 15 ± 503 NS 
 
Per 2 (Female) Mesor 1.38 ± 0.120 1.689 ± 0.182 NS 
 
Amplitude 0.606 ± 0.168 1.204 ± 0.261 0.05 
 
 
Acrophase 12.032 ± 1.07 12.0393 ± 0.807 NS 
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4.5 Discussion: 2681 
This study was the first to investigate the effects of PC:EtOH exposure on the 2682 
circadian regulation of the molecular components of the clock mechanism in the 2683 
SCN. As hypothesised, PC:EtOH did alter the circadian regulation of central clock 2684 
genes within the SCN. Overall, the temporal patterning of SCN rhythms was 2685 
altered for clock, BMAL1, cry 1, cry 2, and per 1 differentially in female and male 2686 
PC:EtOH offspring over a 24-hour period. Collectively, these findings suggest 2687 
that PC:EtOH exposure produces permanent alterations to the molecular 2688 
clockwork that mediates the global function of the SCN and this may have 2689 
implications to circadian disruptions associated with long lasting negative 2690 
physiological consequences.  2691 
To date, few studies have investigated the relationship between alcohol 2692 
consumption during pregnancy on long term circadian regulation of clock 2693 
mechanisms in the SCN and circadian behaviour. This is despite the evidence 2694 
showing that children exposed to alcohol in utero exhibit disrupted sleep/wake 2695 
cycles, with children exposed to alcohol prenatally, 2.9 times more likely to have 2696 
shortened sleep periods and 3.6 times more likely to have poor sleep efficiency 2697 
(Pesonen et al., 2009). Similar to the observed effects of PC:EtOH exposure in 2698 
my study, alterations in SCN temporal expression of clock expression in offspring 2699 
has been shown to occur following chronic prenatal alcohol treatment (Chen et 2700 
al., 2006). In rats exposed to alcohol during gestational days 10-21, the diurnal 2701 
rhythms of per1 and per2 expression within the SCN were distinguished from 2702 
those found in pair-fed controls by acrophase shifts of peak mRNA levels and the 2703 
occurrence of a second, smaller peak in the expression of these clock genes 2704 
(Chen et al., 2006). While an earlier study by the same authors also showed their 2705 
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model of chronic alcohol treatment to affect the diurnal regulation of per1 and 2706 
per2 expression in the SCN of adult rats, producing decreases in rhythm 2707 
amplitude (Chen et al., 2004). In our study, even though the timing of the alcohol 2708 
insult differed, significant temporal variation was still observed in per 1 expression 2709 
in female and male offspring exposed to PC:EtOH.   2710 
While most of the current literature has focused on developmental alcohol 2711 
exposure and its effects on the circadian clock mechanism when the SCN has 2712 
already developed; it is important to note that at the cellular level, the first 2713 
appearance of circadian rhythmicity has been detected in differentiated, multi-2714 
potent cells derived from embryonic stem cells (Yagita et al., 2010). Thus, the 2715 
period from conception in a rat (E0) to SCN formation (E15) can be regarded as a 2716 
period of high vulnerability to periconceptional insults (Sumova et al., 2012). As 2717 
such, it is plausible that exposure to perturbations such as alcohol around the 2718 
periconceptional period may alter the trajectory of early cellular processes 2719 
governing later SCN development and clock gene expression through epigenetic 2720 
mechanisms.  2721 
The temporal variation in the circadian expression of the central clock genes 2722 
within our study could indicate interference with the circadian clock and its 2723 
timekeeping function at two levels. Firstly, we have shown that PC:EtOH has 2724 
affected the clock mechanism itself by causing rhythmic alterations of specific 2725 
genes that are essential “gears” of the core clock. However, it is also possible 2726 
that PC:EtOH exposure could also be interfering with the SCN output signals, 2727 
specifically the neuropeptides BDNF, Arg-vasopressin (AVP) and vasoactive 2728 
intestinal polypeptide (VIP). SCN neuronal cell populations work together in a 2729 
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circuit to produce robust oscillations (Peres et al., 2011) with the retino 2730 
hypothalamic tract (RHT) fibers terminating bilaterally on SCN neurons containing 2731 
vasoactive intestinal polypeptide (VIPs) located within the SCN (Ibata et al., 2732 
1989). In turn, VIPs regulate the neural activity of SCN neurons, as they receive 2733 
direct retinal input via the RHT. Indeed, studies have shown that alcohol 2734 
exposure to rats between postnatal days 4 to 10, at a time when photic 2735 
entrainment and synaptogenesis is finalised (Sumova et al., 2012), results in a 2736 
35% decrease in the number of vasoactive intestinal polypeptide (VIP) positive 2737 
SCN neuronal populations, as well as a decrease in VIPergic cell density (Farnell 2738 
et al., 2009). As RHT fibres terminate bilaterally on VIPergic SCN neurons (Ibata 2739 
et al., 1989; Pickard 1982), this suggests that the SCN receives photic 2740 
information necessary for the daily resetting of the master circadian clock of the 2741 
SCN from the retina via RHT. Moreover, since VIPergic neurons of the SCN are 2742 
direct RHT targets for the light input pathway of the clock, a reduction of these 2743 
postsynaptic sites would suggest an altered responsiveness of the clock to 2744 
incoming retinal lighting information. In line with this hypothesis, it was confirmed 2745 
that photic entrainment, particularly the responsiveness of the animals to light 2746 
signals and the periodicity of the clock itself remains altered throughout adulthood 2747 
(Allen et al., 2004). Furthermore, SCN clockwork components particularly the 2748 
rhythmic expression of per1 and per2 genes were either shifted or dampened in 2749 
amplitude. Thus, it can be postulated that PC:EtOH could also be mediating 2750 
permanent structural or cellular changes in the SCN pathways. While examining 2751 
AVP and VIP signals was beyond the scope of this study, the effects of PC:EtOH 2752 
exposure on overall activity and the sleep-wake cycle was examined and is 2753 
detailed in chapter 5.  2754 
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The role of PC:EtOH exposure in programming permanent alterations to 2755 
circadian gene expression patterning is further supported by the finding that 2756 
PC:EtOH exposed offspring display alterations in peripheral clock gene 2757 
expression (unpublished). Peripheral organs were collected from all animals at 2758 
post-mortem and preliminary data in our laboratory is also showing temporal 2759 
variation in clock, per 1 and cry 2 mRNA levels in the liver of PC:EtOH offspring. 2760 
Cosinor analysis of hepatic circadian gene expression reveals significant 2761 
changes between the mesor and acrophase of clock, per 1 and cry 2 expression 2762 
differentially in female and male PC:EtOH offspring over 24 hours. This 2763 
demonstrates that PC:EtOH exposure can produce long term changes not only at 2764 
the central SCN clock, but also in other tissue oscillators. Moreover, the 2765 
differential influence of PC:EtOH exposure on the rhythm of molecular 2766 
components of the clock in the SCN pacemaker and the liver may compound 2767 
alcohol-induced disturbances in the circadian regulation of these physiological 2768 
processes. Indeed, our laboratory has already demonstrated a significant impact 2769 
of ethanol exposure during the PC period, with exposure resulting in alterations in 2770 
placental development and foetal growth restriction, with offspring exhibiting 2771 
gender specific glucose intolerance and insulin insensitivity (Gardebjer 2015 et al; 2772 
Gardebjer 2014 et al). Preliminary evidence in our laboratory has also shown a 2773 
significant change in both blood glucose and corticosterone release observed at 2774 
ZT 18.5 in PC:EtOH exposed female offspring, suggesting a sex specific change 2775 
in circadian secretion of these substances (unpublished). The exact mechanisms 2776 
underlying the metabolic deficits remain unexplained, however it’s possible that 2777 
alterations in central clock mechanisms have negatively influenced peripheral 2778 
circadian rhythms contributing to these deficits. There is increasing evidence of a 2779 
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tight connection between metabolism and circadian rhythms, and it has been 2780 
shown that metabolic stress itself, promotes disturbance of clock-related genes in 2781 
several key organs. Studies based on whole-body or tissue-specific depletion of 2782 
clock genes have demonstrated a causal role of clock-related molecules in the 2783 
maintenance of both organ and systemic metabolism (Shimizu, Yoshida, & 2784 
Minamino, 2016). Taken together with our results, this indicates that PC:EtOH 2785 
has the ability to influence circadian dys-synchrony and molecular changes within 2786 
not only the SCN, but also other peripheral organs, which could be playing a 2787 
pathological role in the development of the metabolic dysfunction observed in our 2788 
model.  2789 
4.6 Conclusion and Future Direction 2790 
In summary, PC:EtOH altered the circadian temporal expression of central clock 2791 
genes within the SCN. Overall, the amplitude of SCN rhythms was altered for 2792 
clock, BMAL1, cry 1, cry 2, and per 1 differentially in female and male PC:EtOH 2793 
offspring over a 24-hour period. These findings are also in conjunction with 2794 
downstream alterations in hepatic clock gene expression and physiological 2795 
rhythms. The effects of PC:EtOH exposure on the essential “gears” of the 2796 
circadian clockworks found in the SCN and other tissues throughout the body 2797 
may have implications in the long-term clinical manifestations of fetal alcohol 2798 
syndrome (FAS) and fetal alcohol spectrum disorders (FASD) (Chudley et al., 2799 
2005; Hoyme et al., 2005). Abnormalities in clock gene expression and 2800 
rhythmicity have been associated with disturbances in human circadian 2801 
behaviour in which the onset of the sleep–wake cycle is advanced (Toh et al., 2802 
2001). As sleep–wake disorders are known clinical correlates of alcohol exposure 2803 
during brain development (Sher, 2004), it is possible that similar perturbations in 2804 
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clock gene oscillations and patterns of circadian behaviour may contribute to the 2805 
incidence of these neurobehavioral disturbances in FAS and FASD. Thus, further 2806 
analysis is necessary to elucidate the full impact of circadian dysfunction on 2807 
offspring exposed to PC:EtOH. In light of this, chapter 5 explores the effects of 2808 
PC:EtOH on locomotor activity and sleep-wake cycles.   2809 
  2810 
  2811 
 2812 
 2813 
 2814 
 2815 
 2816 
 2817 
 2818 
 2819 
 2820 
 2821 
 2822 
 2823 
 2824 
 2825 
 2826 
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 2827 
Chapter 5: 2828 
Long term effects of maternal periconceptional alcohol exposure 2829 
on wheel running activity rhythm in adult offspring. 2830 
 2831 
 2832 
 2833 
 2834 
 2835 
 2836 
 2837 
 2838 
 2839 
 2840 
 2841 
 2842 
 2843 
 2844 
 2845 
 2846 
 2847 
 2848 
 2849 
 2850 
 2851 
 2852 
 2853 
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5.1 Abstract 2854 
 2855 
Developmental alcohol has been shown to disrupt behavioural and biological 2856 
circadian rhythms (Perkins et al., 2013), with disrupted sleep patterns, more frequent 2857 
awakenings, and reduced total sleep time frequently reported in children prenatally 2858 
exposed to alcohol (Inkelis & Thomas 2018).  Animal studies of developmental 2859 
alcohol exposure throughout gestation have shown offspring to display disrupted 2860 
circadian responses to light and abnormal activity patterns in rats (Brager et al., 2861 
2010).  While other animal studies using mice and rodents have also shown that 2862 
neonatal alcohol exposure can permanently disrupt the circadian properties and 2863 
activity rhythms in adult rats (Allen et al., 2004; Farnell et al., 2004; Sei et al., 2003). 2864 
Earlier chapters within this thesis have shown that alcohol consumption around the 2865 
time of conception can affect oscillations in core molecular components of the SCN 2866 
clockwork in adult offspring. Given the evidence that developmental alcohol 2867 
exposure alters light-induced phase shifts of circadian activity rhythms in adult and 2868 
aged offspring across the lifespan, it’s important to ascertain if similar effects occur 2869 
due to PCE exposure. In this study we aimed to understand the long-term effects of 2870 
maternal PCE exposure on behavioural circadian rhythms in adult offspring. 2871 
Rats received a liquid diet +/- 12.5% v/v ethanol (PC:EtOH) or control diet from four 2872 
days before to four days after mating. At 3-6 months of age, circadian wheel running 2873 
behaviour was continuously analysed to determine the effects of PCE exposure on 2874 
activity during a 12-hour light: dark (LD) cycle and following an abrupt phase shift to 2875 
their light cycle. We found that PC:EtOH exposed offspring displayed differences in 2876 
overall running wheel activity both pre and post phase shift in a sex-specific manner.  2877 
Overall, activity was almost two-folds higher during the subjective day and night in 2878 
female PC:EtOH offspring as compared to control offspring during the baseline 2879 
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period . Male offspring exposed to PC:EtOH displayed a decrease in running activity, 2880 
with a loss in overall rhythmicity over 24 hours as compared to their control 2881 
counterparts.  In response to a new light cycle, running wheel activity in female 2882 
PC:EtOH offspring was typically much less as compared to running wheel activity 2883 
during the pre-shift interval. In male PC:EtOH offspring, the activity rhythm in 2884 
response to the new light cycle was typically much larger, with an almost two-fold 2885 
increase in overall activity as compared to activity during the pre-shift interval. Our 2886 
running wheel activity results both pre and post light shift suggests that PC:EtOH 2887 
exposure produces alterations in patterns of circadian running wheel behaviour, 2888 
which may be associated with long lasting physiological consequences to 2889 
sleep/wake cycles and long term behavioural circadian rhythmicity.   2890 
 2891 
2892 
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5.2 Introduction 2893 
 2894 
Prenatal exposure to alcohol can have determinantal effects to the developing fetus 2895 
which can lead to the development of a spectrum of behavioural, physical and 2896 
cognitive disabilities known as fetal alcohol spectrum disorder (FASD) (Cameron et 2897 
al., 2003).  Among the behavioural alterations observed in children that have been 2898 
exposed to prenatal alcohol are disruptions in sleep. Sleep quality in particular can 2899 
be affected, and caregivers of young children with FASD often report that their child 2900 
has problems with sleep (Wengel et al., 2011; for review see Inkelis & Thomas 2901 
2018). Sleep disturbance described by caregivers of children with FASD tends to 2902 
include difficulties falling asleep, frequent awakenings during the night, and early 2903 
morning awakenings (Jan et al., 2008). Furthermore, animals exposed to alcohol in 2904 
utero have demonstrated long‐term disruption to the rhythm of locomotor activity 2905 
(Handa et al., 2007). Studies have shown that adult rats exposed to alcohol during in 2906 
utero exhibited a shortened circadian sleep-wake cycle, so that their onset of activity 2907 
occurred much earlier each day. In addition, the activity of animals exposed to 2908 
developmental alcohol was more fragmented, with frequent alternation between 2909 
short intervals of sleep and waking (Earnest et al., 2007).  2910 
Alterations in these behaviours indicates that the circadian system is affected by 2911 
developmental alcohol exposure. In addition to disruptions in sleep patterns, several 2912 
studies suggest that social deficits, attention problems, and depression may be 2913 
related to disturbances in the central clock (Gruber et al., 2000; Ichikawa et al., 1993; 2914 
Nestler et al., 2002; Sher, 2003). Given the evidence that circadian rhythm disruption 2915 
occurs as a consequence of developmental alcohol exposure, this study sought to 2916 
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investigate the impact of periconceptional alcohol consumption on long term 2917 
offspring circadian biology in offspring – in particular locomotor activity rhythms.  2918 
In rodents, running-wheel activity serves as a particularly reliable and convenient 2919 
measure of the output of the SCN (Verwey et al., 2013). Through a process called 2920 
entrainment, the daily pattern of running-wheel activity will naturally align with the 2921 
environmental geophysical time (e.g. 12 hr-light:12 hr-dark). However circadian 2922 
rhythms are endogenously generated patterns that exhibit a ~24-hour period which 2923 
persist in constant darkness. Thus, in the absence of an LD cycle, the recording and 2924 
analysis of running-wheel activity can be used to determine the subjective time-of-2925 
day. Because these rhythms are directed by the circadian clock the subjective time-2926 
of-day is referred to as the circadian time (CT). In contrast, when an LD cycle is 2927 
present, the time-of-day that is determined by the environmental LD cycle is called 2928 
zeitgeber time (ZT). A phase shift is defined as the resetting of the organism’s 2929 
internal rhythm in response to an external stimulus such as nocturnal light exposure 2930 
(Pittendrigh 1981). A phase shift can either result in a phase advance or a phase 2931 
delay, where the former is the exact opposite of the latter. To specify, this means 2932 
that a phase advance shifts the activity onset to an earlier position in the circadian 2933 
cycle, whereas a phase delay shifts it to a later time. In circadian studies, phase 2934 
shifting is commonly used to assess an animal’s ability to shift its activity rhythm in 2935 
response to a certain stimulus (Jud et al., 2005).  2936 
In this study, by utilising the well validated measure of running wheel activity we 2937 
aimed to understand the long-term effects of maternal PC:EtOH exposure on 2938 
behavioural circadian rhythms in offspring both pre and post phase shift. We 2939 
hypothesised that PC:EtOH exposure would display alterations to running wheel 2940 
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activity and entrainment of downstream suprachiasmatic nucleus coupled activity 2941 
rhythms. 2942 
5.3 Methods 2943 
5.3.1 Ethics statement 2944 
All experiments were performed at the University of Queensland and were approved 2945 
by the University of Queensland Anatomical Bioscience Animal Ethics Committee. 2946 
5.3.2 Animal model 2947 
 2948 
All details of animal breeding, including periconceptional diet administration have 2949 
been detailed in General Methods. In brief, virgin female Sprague Dawley rats were 2950 
given free access to either a 12.5% v/v EtOH diet (PC:EtOH) or control diet from 4 2951 
days before mating to 4 days after mating. Offspring were weaned and placed onto a 2952 
standard rat chow. In this study animals were housed in groups of same sex and 2953 
treatment and maintained under standard animal housing conditions (22°C) with a 2954 
12-hour light cycle (12:00am lights on, 12:00pm lights off) until 3 months of age.  2955 
5.3.3 Circadian behaviour studies  2956 
 2957 
When animals reached at least 3 months of age (no more than one animal per sex 2958 
and litter group were used) they were transferred to another animal facility where the 2959 
circadian behaviour studies were conducted. Animals were housed individually and 2960 
maintained under standard animal housing conditions (22°C) with a 12-hour light 2961 
cycle (light period from 6:00am lights on, 6:00pm lights off). Animals were habituated 2962 
to this light cycle for two weeks and then transferred to the behaviour testing room. A 2963 
maximum of 10 animals were placed in the circadian cabinets at any one time and 2964 
were tested between 3 – 6 months of age. Due to the length of the total experiment 2965 
(7 weeks including acclimatisation and the experimental protocol), and limited 2966 
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availability of the circadian chambers, a total of 20 animals underwent the protocol; 5 2967 
males and 5 females in each of the treatment groups. 2968 
5.3.4 Equipment 2969 
  2970 
The circadian behaviour room consisted of specialised circadian cabinets (Phenome 2971 
Technologies) with four shelves allowing up to three cages per shelf. The cabinets 2972 
were completely light-tight, fully ventilated and filtered, featured programmable LED 2973 
lighting, built-in connectors for running wheels/motion sensors, temperature and 2974 
humidity controlled and integrated with ClockLab data collection software. 2975 
Running wheel cages were set up to fit on a standard large rat cage. Each cage 2976 
bottom was 40cm long, 24cm wide and 12.5cm high. With the wheel/lid attached the 2977 
height was 29cm at the wheel, & 20cm high for the rest of the lid. The wheel axle 2978 
also protruded 4cm out from the side of the cage. An 80cm long data cable attached 2979 
to a magnetic micro switch was connected to a data acquisition device.  2980 
5.3.5 Experimental protocol 2981 
 2982 
The experimental protocol was divided into two phases: 2983 
1. Baseline activity: 2984 
 Offspring were housed individually in the circadian cabinets with cages equipped 2985 
with running wheels to monitor their circadian activity rhythm. All animals were 2986 
allowed to acclimate to the running-wheel apparatus and baseline activity was 2987 
recorded for 19 days under a 12:12 hour LD cycle (light period from 0600 to 1800 h). 2988 
2. Constant darkness  2989 
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On day 20 the animals lighting conditions were changed in preparation for the 6- 2990 
hour phase advance protocol. Animals were exposed to constant darkness (DD) 2991 
from 12:00 am on day 20 until 12:00 am on day 21.   2992 
3. Phase advance  2993 
From day 21 onwards the light cycle was phase advanced by 6 hours so that light 2994 
onset and offset occurred at 12:00 am and 12:00 pm, respectively. Animals were 2995 
maintained in this shifted LD 12:12 cycle for 19 days. 2996 
5.3.6. Activity recording  2997 
 2998 
Wheel-running activity was continuously recorded when animals were housed in the 2999 
circadian cabinets. Activity was summed, stored in 10-min bins, and graphically 3000 
depicted in actograms with a computer running ClockLab data-acquisition and 3001 
analysis software (ActiMetrics, Evanston, IL). If voluntary wheel running activity 3002 
ceased during the active dark cycle, and the inactive light cycle for a period of 24 3003 
hours or more – this activity was designated as ‘zero’ and removed from analysis.   3004 
5.3.7. Data analysis  3005 
Baseline activity: Day 1-19  3006 
Raw data was exported and analysed at different Zeitgeber (ZT) times. Zeitgeber 3007 
refers to a time cue capable of entraining circadian rhythms. For this study, light 3008 
represents the ZT, with a 12-hour light/12-hour dark cycle.  ZT 0 was designated as 3009 
lights on (6 am) and ZT 12 was designated as lights off (6 pm). Baseline data was 3010 
analysed every hour from ZT 0 to ZT 23.  3011 
Activity during constant darkness: Day 20-21 3012 
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Due to the variability of the data due to sensor errors during recording, data recorded 3013 
during the constant darkness protocol was not able to be analysed and has not been 3014 
included in the analysis.   3015 
Activity following phase advance of light: Day 21-39 3016 
Data was exported and analysed at  time points within the new 12-hour light/12-hour 3017 
dark cycle with ZT 0 designated as lights on (12 am) and ZT 12 designated as lights 3018 
off (12 pm). To account for the acclimatisation to the new light cycle the first four 3019 
days of the new cycle (days 21-24) were analysed independently to the remaining 3020 
days of the experimental protocol (days 25-39).  3021 
5.3.8 Statistics 3022 
 3023 
Cosinor analyses was performed as previously described in chapter 4. See chapter 3024 
2: “methods” for a detailed methodology. 3025 
5.4 Results 3026 
5.4.1: Baseline activity (days 1-19) 3027 
 3028 
In female PC:EtOH offspring, activity was increased during the subjective day and 3029 
night as compared to their control counterparts. Cosinor analysis of overall activity 3030 
showed an increase in the mesor of female PC:EtOH offspring (P=0.003), however 3031 
no differences were observed in the amplitude or acrophase of activity (Figure 5.1 – 3032 
A  & Table 5.1). Control female offspring also showed little running wheel activity 3033 
rhythm as compared to female PC:EtOH offspring. Cosinor analysis of activity in 3034 
male offspring showed a difference in mesor (P=0.03), and a trend towards a 3035 
decrease in the amplitude of activity (P=0.06). Indeed, the male offspring exposed to 3036 
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alcohol seem to have lost their rhythmicity of activity during the subjective day and 3037 
night as compared to male control offspring. 3038 
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 3039 
Figure 5.1: Baseline wheel running activity: (A) female adult offspring, and (B) 3040 
male adult offspring from days 1-19 with black as control and red as offspring 3041 
exposed to ethanol (PC:EtOH). Lights on ZT 0 (6 am) and lights off ZT 12 (6 pm).  3042 
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Table 5.1: Mesor, amplitude and acrophase values: derived from cosinor analysis 3043 
of baseline (day 1-19) wheel running activity in male and female offspring.  3044 
 3045 
5.4.2: Activity following phase shift: days 21-24 3046 
 3047 
In female offspring, no differences were observed in the mesor, amplitude or 3048 
acrophase in activity between days 21-24. Female control offspring displayed an 3049 
increase in activity following the 6-hour phase advance as compared to activity prior 3050 
to the phase shift. While female PC:EtOH offspring displayed no difference in overall 3051 
wheel running activity, there was a loss in overall running wheel rhythmicity, as 3052 
reflected by a decrease in amplitude while offspring were acclimatising to the new 3053 
cycle as compared to activity prior to the phase shift (Figure 5.2 A & Table 5.2). In 3054 
male PC:EtOH offspring, increases were observed in the mesor (P=0.0001), 3055 
amplitude (P=0.04), and acrophase (P<0.0001) as compared to male control 3056 
offspring. Male PC:EtOH offspring also displayed more than a two-fold increase in 3057 
overall running wheel activity as compared to their control counterparts (Figure 5.2 B 3058 
& Table 5.2).  3059 
 3060 
 3061 
Activity  Control PC:EtOH P 
 
Male Mesor 12.79 ± 0.771 15.257 ± 0.603 0.03 
 
Amplitude 3.36 ± 1.09 0.411 ± 0.852 0.06 
Acrophase 16.96 ± 5.97 16.64 ± 1.59 NS 
 
Female Mesor 11.907 ± 0.717 16.526 ± 0.879 0.003 
 
Amplitude  0.40 ± 1.01 1.79 ± 1.24 NS 
 
Acrophase 29.4 ± 20.3 0.63 ± 2.66 NS 
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Figure 5.2: Wheel running activity following phase shift day 21-24: (A) female 3063 
adult offspring, and (B) male adult offspring with black as control and red as offspring 3064 
exposed to ethanol (PC:EtOH). Lights on ZT 0 (12 am) and lights off ZT 12 (12 pm).  3065 
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Table 5.2: Mesor, amplitude and acrophase values derived from cosinor 3066 
analysis: Wheel running activity following the phase shift (day 21-24) in male and 3067 
female PC:EtOH offspring.  3068 
 3069 
 3070 
 3071 
 3072 
 3073 
 3074 
 3075 
 3076 
 3077 
 3078 
 3079 
 3080 
Activity  Control PC:EtOH P 
 
Male Mesor 5.873 ± 0.732 17.28 ± 1.440 0.0001 
 
Amplitude 2.78 ± 1.04 3.4 ± 2.040 0.04 
Acrophase 29.51 ± 1.42 0.50 ± 2.29 <0.0001 
 
Female  Mesor 20.90 ± 2.30 14.91 ± 1.60 NS 
 
Amplitude 2.63 ± 3.26  0.65 ± 2.26 NS 
 
Acrophase 1.81 ± 4.75 1.8 ± 13.80 NS 
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5.4.3: Activity following phase shift: days 25-39 3081 
 3082 
Cosinor analysis showed no differences in the mesor, amplitude or acrophase 3083 
between baseline activity and activity following the phase shift in female or male 3084 
PC:EtOH offspring (Figure 5.3 & Table 5.3). Overall activity in female PC:EtOH 3085 
offspring between days 25-39 was similar to baseline activity. While male PC:EtOH 3086 
offspring following the phase shift displayed no significant variations in mesor, 3087 
amplitude or acrophase as compared to days 1-19, there was an increase in their 3088 
frequency of activity over the subjective day and night as compared to the loss of 3089 
rhythmicity observed between days 1-19 (Figure 5.3). No differences in mesor, 3090 
amplitude or acrophase  were observed in female PC:EtOH offspring as compared to 3091 
their control counterparts following phase shifting, however male PC:EtOH offspring 3092 
displayed a higher mesor as compared to control offspring (P=0.002) with an almost 3093 
two-fold increase in running wheel activity (Figure 5.4).   3094 
 3095 
 3096 
 3097 
 3098 
 3099 
 3100 
 3101 
 3102 
 3103 
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Figure 5.3: Wheel running activity in: (A) female PC:EtOH adult offspring, and (B) 3105 
male PC:EtOH adult offspring with black as baseline (day 1-19) and red as activity 3106 
following the phase shift (day 25-39). Lights on ZT 0 (12 am) and lights off ZT 12 (12 3107 
pm). 3108 
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Table 5.3: Mesor, amplitude and acrophase values: derived from cosinor analysis 3109 
of wheel running activity at baseline (day 1-19) and following the phase shift (day 25-3110 
39) in male and female PC:EtOH offspring.  3111 
 3112 
 3113 
 3114 
 3115 
 3116 
 3117 
 3118 
 3119 
 3120 
 3121 
 3122 
 3123 
 3124 
Activity  Day 1-19 Day 25-39 P 
 
Male PC:EtOH Mesor 15.257 ± 0.603 16.682 ± 0.931 NS 
 
Amplitude 0.411 ± 0.852 1.91 ± 1.32 NS 
Acrophase 16.64 ± 1.59 1.2 ± 8.09 NS 
 
Female PC:EtOH Mesor 16.526 ± 0.879 16.53 ± 1.270 NS 
 
Amplitude 1.79 ± 1.24 1.6 ± 1.79 NS 
 
Acrophase 4.41 ± 4.31 0.63 ± 2.66 NS 
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Figure 5.4: Wheel running activity following phase shift at days 25-39: (A) 3126 
female adult offspring, and (B) male adult offspring with black as control and red as 3127 
offspring exposed to ethanol (PC:EtOH). Lights on ZT 0 (12 am) and lights off ZT 12 3128 
(12 pm). 3129 
 3130 
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Table 5.4: Mesor, amplitude and acrophase values: derived from cosinor analysis 3131 
of wheel running activity following phase shift (day 25-39) and following the phase 3132 
shift in male and female PC:EtOH offspring. 3133 
 3134 
 3135 
 3136 
 3137 
 3138 
 3139 
 3140 
 3141 
 3142 
 3143 
 3144 
 3145 
Activity  Control PC:EtOH P 
 
Male Mesor 11.007 ± 0.706 16.682 ± 0.931 0.002 
 
Amplitude 1.397 ± 0.999 1.91 ± 1.32 NS 
Acrophase 3.31 ± 2.73 2.81 ± 2.64 NS 
 
Female Mesor 15.123 ± 0.808 16.53 ± 1.270 NS 
 
Amplitude  1.62 ± 1.14 1.6 ± 1.79 NS 
 
Acrophase 4.3 ± 25.3 4.41 ± 4.31 NS 
  
145 
 
5.5 Discussion 3146 
 3147 
This study was the first to investigate the effects of maternal PC:EtOH exposure on  3148 
circadian rhythms in offspring. As hypothesised, offspring exposed to PC:EtOH 3149 
displayed alterations in locomotor activity in male and female offspring differentially. 3150 
Firstly, to determine whether PC:EtOH exposure alters wheel running behavioural 3151 
activity during a standard 12-hour LD cycle – activity was recorded for 19 days 3152 
during entrainment to a LD cycle (light period from 0600 to 1800 h). Overall, activity 3153 
was almost two folds higher during the subjective day and night in female PC:EtOH 3154 
offspring as compared to control offspring during the baseline period. Male offspring 3155 
exposed to PC:EtOH displayed a decrease in running activity, with a loss in overall 3156 
rhythmicity over 24 hours as compared to their control counterparts. To determine 3157 
whether PC:EtOH alters the frequency and amplitude of wheel running activity 3158 
differentially following an abrupt shift in the LD cycle – after 19 days offspring were 3159 
exposed to constant darkness for 24 hours and changed to a 6-hour shift in their LD 3160 
cycle (light period from 1200 to 2400 h) for 18 days (day 21-39). In response to this 3161 
new light cycle, running wheel activity in female PC:EtOH offspring was typically 3162 
much less as compared to running wheel activity during the pre-shift interval. In male 3163 
PC:EtOH offspring, the activity rhythm in response to the new light cycle was 3164 
typically much larger with an almost two-fold increase in overall activity as compared 3165 
to activity during the pre-shift interval. Although precise determination of the long 3166 
term impact of PC:EtOH exposure on the rate of re-entrainment to an abrupt shift in 3167 
the light-dark cycle was not able to be determined in this study, our running wheel 3168 
activity results both pre and post light shift suggests that PC:EtOH exposure 3169 
produces alterations in patterns of circadian running wheel behaviour, which may be 3170 
  
146 
 
associated with long lasting physiological consequences to sleep/wake cycles and 3171 
long term behavioural circadian rhythmicity.   3172 
To date, no studies have investigated the relationship between maternal alcohol on 3173 
long term circadian behaviour around the time of conception, despite the evidence 3174 
that the circadian system is functional prenatally during early CNS development. 3175 
While studies have investigated the role of developmental alcohol exposure on long 3176 
term offspring circadian rhythmicity; these have been limited to developmental 3177 
stages late in gestation or the early postnatal period. Developmental alcohol has 3178 
been shown to disrupt behavioural and circadian rhythms (Perkins et al., 2013), with 3179 
these abnormalities including disrupted sleep/wake cycles in humans, with animal 3180 
studies also showing disrupted circadian responses to light and abnormal activity 3181 
patterns in rodents (Brager et al., 2010). This provides evidence that the behavioural 3182 
correlates of FAS, relating to sleep-wake abnormalities, could be a result of alcohol 3183 
induced disruption of the internal timing of body processes. 3184 
Animal models of alcohol administration are often used to examine the effects on 3185 
phase shifting and free running periods; as with our study, typically based on 3186 
locomotor activity predominately concerned with behavioural phenomena closely 3187 
related to clock function (Aschoff et al., 1975). Observations of alcohol’s effect on 3188 
free running periods and phase shifting provides some of the strongest evidence that 3189 
alcohol’s influence on circadian rhythms is due to a change in the clock itself rather 3190 
than downstream effects. For example, prenatal alcohol administration in animal 3191 
models has shown differing phase shifting responses. A study conducted by Sei and 3192 
Colleagues (2003) showed that rats exposed to alcohol prenatally through a 3193 
mother’s liquid diet led to a phase delay in circadian rhythms in response to a 1-hour 3194 
light pulse at circadian time 15 (early subjective night) as compared to control. This 3195 
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indicates that developmental alcohol exposure has the potential to affect the animal’s 3196 
ability adapt their activity rhythm in response to a new light stimulus.  3197 
However, other research groups have shown increased phase shifting effects in 3198 
neonatal rats due to prenatal ethanol exposure (Allen et al., 2005). Thus, it is unclear 3199 
whether distal effects of ethanol exposure attenuate or potentiate phase shifting 3200 
effects.  However, what is clear from these studies is that circadian behaviour can be 3201 
permanently altered following alcohol exposure.  3202 
The specific mechanisms by which neonatal alcohol exposure permanently 3203 
modulates photoentrainment of circadian rhythms and their phase-shifting responses 3204 
to light are unknown, but presumably involve alcohol-induced changes in the 3205 
development of the SCN and/or the neural substrates responsible for conveying light 3206 
information to the SCN. Indeed, in chapter 4 we have already shown that PC:EtOH 3207 
altered the circadian regulation of central clock genes within the SCN. Overall, the 3208 
temporal patterning of SCN rhythms was altered for clock, bmal1, cry 1, cry 2, and 3209 
per 1 differentially in female and male PC:EtOH offspring over 24 hours. 3210 
Perturbations in these fundamental properties of circadian rhythms and their 3211 
photoentrainment have been associated with sleep-wake disturbances, bipolar 3212 
affective disorder (i.e., manic-depressive illness), and depression (Moore, 1991; 3213 
Schwartz, 1993), all of which are behavioural manifestations of prenatal alcohol 3214 
exposure in humans (Sher, 2004). In our study, we found that female offspring 3215 
exposed to PC:EtOH were more active during the subjective day and night as 3216 
compared to control offspring during baseline recording, which is indicative of 3217 
hyperactivity – a well-established behavioural correlate implicated in FAS and FASD 3218 
especially. While we weren’t able to assess the rate of reentrainment to an advance 3219 
in the LD cycle, the response of the activity rhythm to the shift in the LD cycle in the 3220 
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first four days (days 21-24) showed arrhythmic behaviour and reduced activity as 3221 
compared to activity during the pre-phase change. However, this loss of rhythmicity 3222 
was only apparent during days 21-24 – when the animals were acclimatising to the 3223 
new LD cycle, as rhythmicity and activity was similar to that of their control 3224 
counterparts between days 25-39. In contrast, in male PC:EtOH offspring, the 3225 
response of the activity rhythm to the shift in the light cycle in the first four days (days 3226 
21-24) showed a two-fold increase in their running wheel activity as compared to 3227 
control offspring, with changes in mesor, amplitude and acrophase. This increase 3228 
also continued throughout days 25-39, as male PC:EtOH did not retrain their running 3229 
wheel activity to resemble their control counterparts. Our findings show that the 3230 
responses of the activity rhythm following the phase shifts are permanently 3231 
dampened; as seen in female PC:EtOH offspring or enhanced; as seen in male 3232 
PC:EtOH offspring. This disparity in running wheel activity between male and female 3233 
offspring exposed to PC:EtOH both pre and post phase shift strongly suggests that 3234 
the sex specific changes to the molecular clockwork genes of the SCN may be 3235 
driving this impaired behavioural response.  3236 
Taken all together, this indicates that PC:EtOH has the ability to influence circadian 3237 
desynchrony and molecular changes within the SCN off offspring, thereby leading to 3238 
alterations in patterns of circadian behaviour which may be associated with long 3239 
lasting physiological consequences to sleep/wake cycles and long term behavioural 3240 
circadian rhythmicity.   3241 
 3242 
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 3243 
 3244 
 3245 
5.6 Summary and Future Direction 3246 
 3247 
In summary, it is well known that developmental alcohol exposure can disrupt 3248 
behavioural and biological circadian rhythms in children with the behavioural 3249 
correlates of FAS, relating to sleep-wake abnormalities and hyperactivity. However, 3250 
the majority of both pre-clinical and clinical studies have examined the effects of 3251 
alcohol either during the entirety of pregnancy or during mid/late gestation. Our study 3252 
is the first to show that alcohol around conception can also permanently disrupt the 3253 
circadian properties and activity rhythm in adult offspring. Consequently, 3254 
disturbances in the regulation of behavioural circadian rhythms as observed in this 3255 
study, may represent important neuro-behavioural disturbances similar to that 3256 
observed of human alcohol exposure in utero that contributes to the incidence of 3257 
activity and sleep disturbances as seen in FAS and FASD.  3258 
 3259 
 3260 
 3261 
 3262 
 3263 
 3264 
 3265 
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 3266 
Chapter 6: 3267 
General Discussion 3268 
 3269 
 3270 
 3271 
 3272 
 3273 
 3274 
 3275 
 3276 
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6.1 Thesis Summary 3294 
The primary focus of the research undertaken for this thesis has been to identify and 3295 
characterise the long-term effects of PC:EtOH exposure on cognitive outcomes and 3296 
circadian rhythms in rat offspring. A broad range of experimental domains were 3297 
explored throughout these studies, which allowed for robust characterisation of 3298 
behavioural changes and circadian rhythm alterations to both male and female 3299 
offspring exposed to PC:EtOH. Importantly, these studies focussed on a highly 3300 
relevant period surrounding conception, during which the developing blastocyst may 3301 
be exposed to alcohol.  3302 
My thesis highlights several long-term outcomes following this period of exposure. 3303 
Cognitive outcomes pertaining to learning and memory as well as anxiety like 3304 
phenotypes were found in adult and aged offspring in a sex specific manner. This 3305 
was also coupled with sex specific molecular changes in the hippocampus of aged 3306 
offspring. This thesis also investigated if PC:EtOH exposure could program circadian 3307 
rhythm dysfunction in offspring. It was found that PC:EtOH exposure can induce 3308 
permanent alterations to the SCN molecular oscillations that comprise the central 3309 
circadian clock mechanism. This was coupled with disturbances in the regulation of 3310 
behavioural circadian rhythms. This chapter will put the findings from this thesis in 3311 
context with both the general literature and other work carried out within our 3312 
laboratory using this exposure model. 3313 
3314 
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6.1.1 Summary of results 3315 
Chapter 3: Periconceptional maternal alcohol consumption leads to 3316 
behavioural changes in adult and aged offspring and alters the expression of 3317 
hippocampal genes associated with learning and memory and regulators of 3318 
the epigenome. 3319 
This chapter investigated the impact of PC:EtOH exposure on long term behavioural 3320 
outcomes in adult and aged offspring. The primary findings from this study included: 3321 
•   Periconceptional alcohol consumption programmed a long-term anxiety 3322 
phenotype in female but not male offspring at 6 months of age. 3323 
•   Periconceptional alcohol consumption resulted in spatial memory deficits only in 3324 
female offspring at 18 months of age. 3325 
•   Periconceptional maternal alcohol consumption resulted in an upregulation of 3326 
hippocampal mRNA expression of bdnf, grin2a and grin2b in male and female 3327 
offspring at 18 months of age. 3328 
•   mRNA expression of genes regulating the epigenome including dnmt1, dnmt3a 3329 
and hdac2 were increased in the hippocampus of offspring in a sex specific manner. 3330 
Chapter 4: Effects of periconceptional alcohol exposure on clock gene 3331 
expression in the suprachiasmatic nucleus of adult rat offspring.  3332 
This chapter investigated the impact of PC:EtOH exposure on the expression of 3333 
suprachiasmatic clockwork components in adult offspring at six different time points: 3334 
The primary findings from this study included: 3335 
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• mRNA expression of clock in the SCN of male offspring was not significantly 3336 
different, however a significantly higher amplitude in clock expression was 3337 
observed in the SCN of female offspring exposed to PC:EtOH as compared to 3338 
controls.  3339 
• mRNA expression of BMAL1 expression was not significantly different in male 3340 
PC:EtOH offspring, however overall, the temporal patterning over the subjective 3341 
day and night was markedly different as compared to female offspring. Female 3342 
offspring exposed to PC:EtOH displayed an increase in the amplitude of 3343 
expression  as compared to their control counterparts. 3344 
• mRNA expression of cry 1 and cry 2 in the SCN of female offspring was not 3345 
significantly different between treatment groups. However, a significantly higher 3346 
mesor was observed in cry 1 expression of male PC:EtOH offspring and 3347 
significant variation was observed in the temporal pattern of cry 2 with an almost 3348 
two-fold amplitude increase in expression and a higher mesor. 3349 
• Significant temporal variation was observed in per 1 expression in female 3350 
offspring exposed to PC:EtOH, with a two-fold amplitude increase between ZT 5 3351 
to ZT 18.5  In males, the average per 1 mRNA expression  was significantly 3352 
decreased in male PC:EtOH as compared to its control counter parts. 3353 
•  The mesor, amplitude and acrophase of SCN rhythms in per 2 mRNA 3354 
expression was not different between treatment groups in male and female 3355 
offspring   3356 
Chapter 5: Long term effects of maternal periconceptional ethanol exposure 3357 
on wheel running activity rhythm in adult offspring. 3358 
Baseline activity: 3359 
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• In female PC:EtOH offspring activity was increased during the subjective day 3360 
and night as compared to their control counterparts resulting in an increase in 3361 
the mesor when using cosinor analysis.  3362 
• Cosinor analysis of activity in males showed a higher mesor in PC:EtOH 3363 
offspring during the subjective day and a loss of rhythmicity in running wheel 3364 
activity during the subjective day and night as compared to control offspring.  3365 
Acute effects of a phase shifting: 3366 
• In the 3 days following a phase shift, male PC:EtOH offspring, displayed more 3367 
than a two-fold increase in overall running wheel activity and differences were 3368 
observed in the mesor, amplitude, and acrophase as compared to control 3369 
offspring.  3370 
• Female PC:EtOH offspring displayed no difference in overall wheel running 3371 
activity but a loss of rhythmicity was seen during acclimatisation to the new 3372 
cycle as compared to activity during baseline recording 3373 
Long term effects of a phase shift: days 25-39: 3374 
• Activity in female PC:EtOH offspring between days 25-39 was similar to 3375 
baseline activity and no differences in activity were observed in female 3376 
PC:EtOH offspring as compared to their controls  3377 
• Male PC:EtOH offspring following the phase shift displayed an increase in 3378 
rhythmicity over the subjective day and night as compared to the loss of 3379 
rhythmicity observed during baseline recording. Male PC:EtOH offspring 3380 
displayed a higher mesor as compared to control offspring with an almost two-3381 
fold increase in activity. 3382 
 3383 
 3384 
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Table 6.1 Summary table of results from this thesis: Arrows indicate alterations 3385 
following PC:EtOH; increased (↑),decreased (↓), no change (↔), not tested (-). Male 3386 
(M), Female (F) only.  3387 
 3388 
6.1.2 Other significant findings from our model of PC:EtOH exposure 3389 
 
 
Adult (4-6m) 
 
Aged (15-18m) 
Behaviour  
Anxiety 
↓ in directed exploring/head 
dipping behaviour (F).  
 
Memory 
No difference  
Exploratory behaviour 
↑ directed exploring/head dipping 
behaviour 
 
Memory 
Short term spatial memory 
impairment (F).  
Hippocampus 
gene expression  
- ↑ mRNA expression bdnf, grin 2a 
(M&F), grin 2b (M) 
↑ mRNA expression dnmt1, 
dnmt3a (M) 
↑ mRNA expression hdac 2 
(M&F) 
Running wheel 
activity  
 
 
 
 
 
 
 
 
Gene 
expression: 
SCN  
 
  
Baseline 
↑ activity (F) 
loss in rhythmicity (M) 
Phase shift: days 21-24 
↑ activity (M) 
loss of rhythmicity (F) 
Phase shift: days 25-39 
↑ activity (M) 
Regain of rhythmicity (F) 
 
Clock 
↔ male, 
↑ amplitude (F) 
Cry 1 
↑ mesor (F), ↔ male  
Cry 2 
↑ amplitude & mesor (M) 
↔ Female  
Per 1 
↓ mesor (M), ↑ amplitude (F) 
Per 2 
↔ male or female  
 
 
 
 
 
- 
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To fully understand the range of outcomes from our model of exposure, our 3390 
laboratory has extensively studied the effects of PC:EtOH exposure on other aspects 3391 
of embryonic and placental development as well as long term health in offspring. Of 3392 
key importance, previous work has demonstrated sex specific adaptations in the 3393 
placenta (Gardebjer et al., 2014), and changes in the epigenetic environment within 3394 
the fetal liver (Gardebjer et al., 2015), indicating that epigenetic regulation of 3395 
outcomes may be involved. Epigenetic dysregulation, involving changes in DNA 3396 
methylation may be present in the pre-implantation as we have observed altered 3397 
5MC labelling in the pre-implantation blastocyst (Kalisch-smith, unpublished). Our 3398 
laboratory has also shown PC:EtOH exposure programs sex specific alterations in 3399 
the HPA axis (Burgess et al., 2018) and can alter expression of key components of 3400 
the mesolimbic reward pathway and heighten the preference of offspring for 3401 
palatable foods (Dorey et al., 2018). We have also shown cardiac and renal changes 3402 
in offspring at 3-8 months (Dorey et al., 2018).  3403 
Ongoing work has also demonstrated that offspring exposed to PC:EOH have 3404 
significant alterations in behaviour associated with depressive and social – like 3405 
phenotypes (unpublished). As an extension to the circadian studies of this thesis, 3406 
preliminary evidence is showing significant temporal variation in peripheral clock 3407 
genes in the liver of PC:EtOH offspring (unpublished). Investigations into other 3408 
behavioural and endocrine systems are ongoing in this model. Collectively, these 3409 
results highlight the severe impact of PC:EtOH on a range of physiological systems 3410 
which supports the notion that women planning a pregnancy should abstain from any 3411 
consumption of alcohol or risk the long-term health of their children.   3412 
3413 
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 3414 
Table 6.2: Summary table of physiological findings from PC:EtOH exposure: 3415 
Arrows indicate alterations following PC:EtOH; increased (↑), (↓) decreased.  3416 
Includes unpublished data and published data from Gardebjer et al., 2014; Gardebjer 3417 
et al., 2015; Kalisch-Smith et al., 2016 and Dorey et al., 2018. Male (M), female (F) 3418 
only, (-) not tested. Abbreviations: LVIDs, Left ventricular internal diameter during 3419 
systole, CO, Cardiac output, Cort, corticosterone, FST, forced swim test, DST, EDP, 3420 
End diastolic pressure, HFD, high fat diet, LDL, low density lipoprotein. 3421 
 
Post-
Weaning 
(PN30) 
Early adulthood  
(3-8m) 
Adult (12m-14) 
                             
Aged (15-
19m) 
HPA 
 
- 
  
- 
↓ basal Cort (F) 
↑ Hsp90a1 
adrenal gland 
↑ pituitary 
abnormalities 
 
- 
Dietary 
preference 
- - - ↑ HFD 
preference 
(M) 
Metabolic 
outcomes 
↑ plasma 
leptin (M) 
↑ Micro vesicular liver 
steatosis (M) 
↑  Plasma triglycerides, 
HDL, & cholesterol (M) 
↑ LDL, cholesterol, & 
leptin (F) 
↑ adiposity 
↑ mRNA levels of Tnf-α & 
leptin in adipose tissue 
↑ fasting plasma glucose 
impaired glucose 
tolerance  
↓ insulin sensitivity 
  
Cardiac/ 
Renal 
↓ glomerular 
number (M) 
& (F) 
Reactive hyperaemia 
↑ (M) vasodilation 
Ischemia reperfusion 
↑ (F) EDP ER 
Echo 
↑(F) LVIDs  
↓(F) CO 
↑ urine flow (F). 
↑ urine flow 
(F). 
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6.2 Mechanisms programming the behavioural and circadian outcomes 3422 
following periconceptional alcohol 3423 
6.2.1 The early embryo  3424 
The PC period is a critical epigenetic time period that is marked by cellular 3425 
proliferation and development of numerous metabolic capabilities in the developing 3426 
embryo, which are highly vulnerable to insults (Louis et al., 2008). In order to 3427 
understand the potential effects of PC:EtOH exposure in this very early period of 3428 
development, our laboratory has examined the early embryo, uterine environment 3429 
and placental formation. Pre-implantation studies have shown that PC-EtOH altered 3430 
inner cell mass count, trophoblast differentiation to trophoblast giant cells (TGCs) 3431 
and trophoblast behaviour in a sexually dimorphic manner, with females showing the 3432 
most deleterious outcomes. Interestingly, greater placental protective mechanisms 3433 
were observed in males (Kalisch-Smith et al, 2016; 2017). Taken together, these 3434 
results indicate that PC:EtOH may be directly affecting the embryo at the time of 3435 
exposure.  It is possible that alcohol during the PC period is diffusing into the various 3436 
water compartments of the maternal environment and readily entering the oviduct 3437 
and the uterus (Mitchell 1994). However, to confirm this, analysis of the uterine fluid 3438 
would be important to determine the concentrations of ethanol within, and the 3439 
nutrient profile in which the embryos are exposed. Despite the paucity of research in 3440 
this area, our results thus far do indicate that PC:EtOH has the ability to program 3441 
alterations in the early cell types which may influence how the fetus adapts to its 3442 
environment during development.  3443 
Other animal models have also identified adverse adult outcomes in preimplantation 3444 
embryos that were exposed to sub optimal maternal environments (Kwong et al., 3445 
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2000). For example, a maternal low protein diet prior to implantation in a rat model 3446 
caused an increase in maternal plasma glucose and a decrease in insulin levels. 3447 
This resulted in a reduction of cells within the inner cell mass (ICM) that was due to 3448 
an impaired proliferation rate rather than increased apoptosis. Furthermore, the 3449 
offspring had low birth weight, altered postnatal growth rate, and developed adult 3450 
hypertension (Kwong et al., 2000). It has also been shown that maternal diabetes or 3451 
hyperglycaemia can adversely affect the preimplantation embryo (Moley 1999). 3452 
While another study has shown that rat blastocysts collected at E5 and incubated in 3453 
a hyperglycaemic environment in vitro resulted in a lower number of cells in the ICM 3454 
and an elevation of apoptotic cells in that lineage (Pampfer et al., 2007). Our 3455 
laboratory has some preliminary evidence that PC:EtOH may increase maternal 3456 
glucose concentrations suggesting the hyperglycaemia may be a common 3457 
mechanism mediating the effects of a periconceptional  exposure.  3458 
Other findings suggest that undernutrition in a pig model during the earliest period of 3459 
pregnancy, and perhaps even the pre-pregnancy period, can create changes in 3460 
epigenetic mechanisms in the uterus (Franczak A et al., 2017). The same group 3461 
demonstrated impairments in the pattern of DNA methylation in both the 3462 
endometrium and embryos during the peri-implantation period (day 15-16 of 3463 
gestation) (Zglejc-Waszak K et al., 2019). These studies indicate that the early 3464 
embryo is highly susceptible to its environment. It is likely that early alterations in 3465 
embryonic development will affect the long-term growth and potentially predispose it 3466 
to adult disease. 3467 
6.2.2 Placental adaptations  3468 
Another mechanism that could be programming the phenotypes observed in our 3469 
model is through dysregulation of placental structure and function. Of key importance 3470 
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is previous work from our laboratory that has demonstrated sex specific adaptations 3471 
in the placenta (Gardebjer et al., 2014), that were also consistent with a placental 3472 
stress response apparent well beyond the period of PC:EtOH exposure.  3473 
Unpublished work within our laboratory has also demonstrated key glucocorticoid 3474 
signalling genes within the placenta are altered in the male and female labyrinth, and 3475 
in some instances in a sex specific manner at embryonic day 20. These results 3476 
highlight that PC:EtOH is not only having an indirect effect to the placenta after the 3477 
window of alcohol exposure has ceased, but it also demonstrates that PC:EtOH 3478 
exposure can mediate changes within the placenta that may disrupt maternal-fetal 3479 
interactions affecting the developing foetus. Of interest is the sexual dimorphism of 3480 
the placenta, and its ability to influence the timing and severity of disease outcomes. 3481 
This has led to the common view that males are more susceptible to developmental 3482 
perturbations than females (Clifton, 2010). However, recent evidence suggests that 3483 
female fetuses may be more affected by disorders during pregnancy such as 3484 
maternal hypertension, preeclampsia, villous infarction, and in some studies, preterm 3485 
birth (Walker, 2012, Shiozaki, 2012, Vatten, 2004). Indeed, in this thesis we have 3486 
shown sex specific outcomes which may also suggest that the placenta may be 3487 
mediating these responses.  3488 
6.2.3 Epigenetic mechanisms 3489 
Increasing evidence has indicated an association between ethanol exposure as well 3490 
as exposures around conception, and changes in DNA methylation and histone 3491 
modifications. Ethanol is known to affect one carbon metabolism, the primary source 3492 
of methyl donors in DNA transmethylation reactions, DNA methyltransferase, DNA 3493 
methylation, and histone modifications (Eckhardt et al., 2006). A recent study 3494 
conducted by Hancock and Ramsey (2009) showed that acute in utero alcohol 3495 
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exposure early in pregnancy from days 9 to 11 of gestation in a mouse model was 3496 
enough to result in lower than normal methylation throughout the genome; global 3497 
hypomethylation. Other studies have also looked at gene specific epigenetic 3498 
alterations; Downing and colleagues (2010) focused on the mouse embryo and 3499 
specific methylation patterns at the Igf2 locus, an important gene implicated in the 3500 
encoding of insulin like growth factor 2. This study found that in utero alcohol 3501 
exposure resulted in reduced methylation at the Igf2 locus coupled with a change in 3502 
Igf2 gene expression. The specific changes in gene expression were also 3503 
accompanied by skeletal malformations which are very similar to that observed in 3504 
patients diagnosed with FAS (Downing et al., 2010).   3505 
Perturbations around the periconceptional period resulting in epigenetic changes in 3506 
early gestation have also been linked to outcomes in offspring health. These 3507 
adaptations include altered miRNA expression, histone modification and DNA 3508 
methylation (for review see Yamada & Chong, 2017). Research in sheep has 3509 
demonstrated that periconceptional undernutrition (5 months before to 6 days after 3510 
gestation) leads to a reduction in Igf2 gene expression and decreased methylation of 3511 
the promoter region of the Igf2/H19 gene in the adrenal gland (Zhang et al., 2010). 3512 
Indeed, in chapter 3 we have shown that PC:EtOH exposure increased hippocampal 3513 
mRNA expression of the histone modifier hdac 2 in a sex specific manner, as well as 3514 
increases in the epigenetic modifiers dnmt1 and dnmt3a - suggestive of hippocampal 3515 
global hyper methylation (Morris & Monteggia 2014). Furthermore, in a recent study 3516 
performed within our laboratory, we have shown that PC:EtOH exposure can also 3517 
change the epigenetic environment within the fetal liver with increased expression of 3518 
dnmt1, 3a and 3b (Gardebjer et al., 2015), indicating that epigenetic regulation of 3519 
outcomes may be involved. We have also demonstrated that PC:EtOH alters 3520 
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postnatal expression of miR-26a within adipose tissue in association with changes in 3521 
IL6 and TNFα, genes known to be regulated by this miRNA (Gardebjer et al., 2017).  3522 
Together these reports indicate an important role of epigenetic regulation in 3523 
developmental programming and show that events during critical periods of 3524 
periconceptional development can program the structure and function of an 3525 
organism. Furthermore, these findings also provide links between alterations in DNA 3526 
methylation patterns in ethanol exposed foetuses and phenotypes that are similar to 3527 
that observed in FASD patients.   3528 
6.2.4 Epigenetics and the circadian clock 3529 
Epigenetic alterations may also be one the mechanisms that may play a critical role 3530 
in gestational alcohol induced circadian disruption.  Stable epigenetic modifications 3531 
are critical to optimizing cellular function, differentiation and development, and it has 3532 
been shown that genes encoding circadian clock proteins are regulated by 3533 
epigenetic mechanisms. Processes such as histone phosphorylation, acetylation, 3534 
and methylation have all been shown to follow circadian rhythmicity (Masri & Corsi 3535 
2010). A study conducted by Crosio and colleagues (2003) reported that exposure to 3536 
light causes rapid phosphorylation of histone 3 on serine 10 in the SCN. This was 3537 
the first study to suggest chromatin remodelling is involved in circadian gene 3538 
expression, as this phosphorylation parallels induction of immediate early genes 3539 
such as c-fos and per1. This thereby indicates that light mediated signalling can 3540 
regulate circadian gene expression by remodelling the chromatin (Crosio et al., 3541 
2003). Furthermore, clock-bmal1 mediated activation of core clock-controlled genes 3542 
has been shown to be coupled to circadian changes in histone acetylation at their 3543 
promoters (Etchegaray et al., 2003). The transcription factor CLOCK also possesses 3544 
intrinsic HAT activity (Doi et al., 2006), thus, the importance of epigenetic 3545 
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mechanisms underlying normal circadian rhythmicity suggests that alterations may 3546 
contribute to abnormal circadian function and also suggests that cycling core 3547 
clockwork components can rhythmically impose epigenetic modifications. 3548 
Furthermore, prenatal obesity (Mouralidarane et al., 2015), protein restriction (Sutton 3549 
et al., 2010), hypoxia (Joseph et al., 2002) and alcohol (Chen et al., 2006) have all 3550 
reported alterations to circadian rhythms in offspring.  3551 
6.2.5 The intersection between circadian clock, behaviour and memory 3552 
Circadian rhythms and memory are among the physiological processes that decline 3553 
during aging (Pandi-Perumal et al., 2002). Memory and circadian rhythms are not 3554 
separate processes, as circadian rhythm disruption can elicit memory impairments 3555 
(Zelinski et al., 2014). Indeed, in our study we have shown that PC:EtOH exposure 3556 
can lead to disruption of the core molecular clock work components of the SCN in 3557 
adult offspring and also subtle memory impairments in aged female offspring. Thus, 3558 
the changes seen in the SCN may not only be causing the alterations observed in 3559 
running wheel behaviour, but also possible could also be contributing to the age-3560 
associated cognitive decline, as the degree of circadian rhythm disruption has been 3561 
positively correlated with mild cognitive impairment and memory impairment in aged 3562 
humans and rodents, respectively (Antoniadis et al., 2000).  3563 
In this thesis, changes in clock gene expression in the SCN at various time points 3564 
across a 24-hour period were documented. It is possible that these changes in clock 3565 
gene expression could also be influencing the gene expression changes observed in 3566 
the hippocampus, as previous studies do suggest that clock genes and plasticity 3567 
molecules oscillate in the hippocampus; however, it is unclear exactly how circadian 3568 
rhythms affect memory acquisition, consolidation, retention, or recall  (Eckel-Mahan 3569 
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& Storm 2009). In this thesis, we didn’t test hippocampal dependent memory 3570 
following our photoperiod shifting paradigm, however there have been studies 3571 
showing that shifting light cycles in rodents causes memory impairments. In a study 3572 
by Devan and colleagues (2001) male rats exposed to a consecutive six-day 3573 
photoperiod shifting paradigm, wherein the lights came on three hour earlier each 3574 
day, had normal acquisition in the standard, spatial version of the Morris water task, 3575 
but displayed impairments in long-term retention (Devan et al., 2001). While longer 3576 
periods of photoperiod shifting (several weeks) impaired acquisition in this same 3577 
spatial task. This not only suggests a link between circadian rhythm disruption and 3578 
the consolidation and retrieval of long-term memories, but it also suggests that the 3579 
alterations in clock gene expression in the SCN may be influencing the memory 3580 
impairment observed in offspring later in life.   3581 
The precise mechanisms responsible for the influence of circadian rhythms on 3582 
memory are unknown, however it is known that clock genes and other genes 3583 
important for long term memory potentiation such as mitogen-activated protein 3584 
kinase (MAPK), cyclic adenosine monophosphate (cAMP) and Ca2+-stimulated 3585 
adenylyl cyclases, all exhibit circadian oscillations in the hippocampus (Eckel-Mahan 3586 
et al., 2008; Phan et al., 2011). There is evidence to suggest that environmental light 3587 
manipulations, such as photoperiod shifting could disrupt the phase relationship 3588 
between clock proteins in the hippocampus and the SCN. Even though circadian 3589 
studies were only conducted in adult offspring, when looking at these results in the 3590 
context of our aged behavioural and molecular changes in the hippocampus, we can 3591 
infer that PC:EtOH exposure is possibly desynchronising SCN oscillations from 3592 
those in peripheral oscillators like the hippocampus and in turn influencing the 3593 
memory impairment observed in female aged offspring. Figure 6.1 summarises the  3594 
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major findings of PC:EtOH exposure from this thesis and the hypothesised 3595 
mechanisms.    3596 
 3597 
Figure 6.1: Summary of major findings from this thesis and hypothesized 3598 
pathways through which PC:EtOH exposure results in offspring dysfunction: It 3599 
is hypothesised that PC:EtOH has direct effects on the pre-implantation embryo 3600 
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causing epigenetic changes. Subsequent effects may be mediated indirectly through 3601 
the placenta.  Adult offspring displayed sex specific changes to mRNA expression of 3602 
the positive and negative regulators of the central clock. It’s hypothesised that these 3603 
alterations could be mediating the sex specific changes also observed to circadian 3604 
activity rhythms and the sex specific anxiety like behaviour in adult offspring. It is 3605 
also hypothesised that the changes to the molecular central clock is influencing the 3606 
hippocampal gene expression changes observed in aged offspring, and in turn 3607 
contributing to the age-associated cognitive decline observed in aged PC:EtOH 3608 
female offspring. ↑; increase. ↓; decrease. Dotted arrows = hypothesised link. (1) 3609 
Anyan J, Verwey M, Amir S. (2017) Individual differences in circadian locomotor 3610 
parameters correlate with anxiety- and depression-like behaviour. PLoS ONE 12(8) 3611 
6.3 Limitations and future direction 3612 
This thesis and other work within our laboratory has shown that PC:EtOH alters 3613 
markers of epigenetic regulation in various tissues at different ages and across the 3614 
lifespan in offspring. While we have identified epigenetic modifications within the liver 3615 
as well as the hippocampus, the scope of this thesis did not include large-scale 3616 
epigenetic profiling of the tissues studied. By using gold standard epigenetic 3617 
techniques, as well as deep sequencing to look at arrays of genes altered by 3618 
PC:EtOH, future studies including these techniques would enable us to understand 3619 
the molecular mechanisms behind physiological outcomes in much greater detail. 3620 
Ongoing work will need to be conducted to determine what other genes have been 3621 
altered and whether these are correlated with alterations in methyltransferase and 3622 
histone modifiers. 3623 
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Given our model showed that PC:EtOH exposure can lead to long lasting cognitive 3624 
changes in behavioural adaptations as well as circadian rhythm dysfunction – 3625 
building on these studies is warranted. Behavioural circadian rhythms were 3626 
assessed by running wheel activity, however there were limitations of the recording 3627 
equipment and the ability to assess the time taken for offspring to re-entrain to a 3628 
new light cycle. Furthermore, it is warranted for running wheel activity to be 3629 
assessed in juvenile, adult and aged offspring for a full analysis of circadian rhythm 3630 
behaviour across the lifespan in offspring. Full analysis of REM sleep is also 3631 
warranted to assess if PC:EtOH affects sleep-related oscillations and switching 3632 
between sleep states. Given the evidence that an abrupt change in an animal’s light 3633 
cycle can affect memory consolidation in rats, in future it would be warranted to 3634 
conduct the behavioural assays both pre and post light change to assess the effects 3635 
of the photoperiod switch on long term cognitive outcomes. While our behavioural 3636 
assays did have the added benefit of including not only both sexes, but also an adult 3637 
and aged cohort, our offspring numbers were limited due to small litter sizes. For all 3638 
the studies conducted in this thesis, it would prove useful to include a juvenile cohort 3639 
of animals to determine if any of the altered behavioural deficits observed  occur at a 3640 
much younger age than what has already been observed and if this persists 3641 
throughout aging. Furthermore, it would also be useful to ascertain if any of the 3642 
phenotypes observed in this thesis have the potential to be transmitted across 3643 
further generations, such as the offspring’s progeny (F2 generation). 3644 
A strength of this study is the dosing regimen used as it is a clinically relevant model 3645 
corresponding to binge alcohol consumption in humans around the time of 3646 
conception. The PC:EtOH model is relevant to humans in that the PC window is 3647 
conserved among species, with implantation taking place at day 5.5 in rats, and day 3648 
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7 in humans. The PC:EtOH model was previously developed by Gardebjer, et al. 3649 
(2014) to reflect the levels of maternal alcohol consumption reported in an 3650 
epidemiological study by Colvin et al. (2007). These levels of alcohol consumption 3651 
have more recently been supported in studies by Muggli et al. (2016) and Green et 3652 
al. (2016). Furthermore, our dosage equates to ~25% ethanol derived calories 3653 
(EDC), which is lower than many of the studies outlined in chapter 1 - table 1.2. 3654 
However, the dosage given corresponds to a peak blood alcohol concentration of 3655 
0.25+/-0.04% (Gardebjer et al., 2014). While this does appear high, rats are known 3656 
to metabolise alcohol faster that humans (Zorzano A, 1990).   3657 
6.4 Conclusion  3658 
Periconceptional alcohol exposure has been shown to affect long term cognitive 3659 
outcomes in adult and aged offspring and lead to circadian rhythm disruption. This 3660 
thesis has shown that alcohol exposure only around the time of conception can lead 3661 
to cognitive outcomes pertaining to learning and memory as well as anxiety like 3662 
phenotypes in adult and aged offspring in a sex specific manner. This was also 3663 
coupled with sex specific molecular changes in the hippocampus of aged offspring. 3664 
This thesis also showed that PC:EtOH exposure could program circadian rhythm 3665 
dysfunction in offspring through permanent alterations to the SCN molecular 3666 
oscillations that comprise the central circadian clock mechanism. This was also 3667 
coupled with disturbances in the regulation of behavioural circadian rhythms. This 3668 
study, in combination with other work from our laboratory shows that alcohol only 3669 
around the time of conception can have a profound impact on offspring health 3670 
throughout life. It’s important to translate our findings from the basic sciences to 3671 
more sophisticated research in humans. The next stage is to identify patterns of 3672 
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alcohol use by women during the preconception period on fetal and childhood 3673 
outcomes in the Australian context 3674 
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Appendix A: Components of the control and PC:EtOH liquid diet. 4078 
 4079 
Control diet      
Component Amount Energy 
(cal) 
Protein 
(g) 
Fat 
(g) 
Starch 
(g) Sustagen hospital formula 19.5g 70.2 4.6 0.7 5.0 
Corn flour 15.7g 56.7 0.0 0.0 13.8 
Selenium yeast  
(83.4mg equivalent to Se 
100µg) 
0.03g 1.8 0.2 0.0 0.0 
Low fat milk 58.33mL 30.9 2.5 0.8 0.0 
Sunflower oil 0.83mL 6.7 0.0 0.8 0.0 
Copper Sulphate (50mM) 33.33µL 0.0 0.0 0.0 0.0 
Ferric Citrate (199mM) 33.33µL 0.0 0.0 0.0 0.0 
Manganese Sulphate 
(303mM) 
33.33µL 0.0 0.0 0.0 0.0 
Absolute ethanol 0mL 0.0 0.0 0.0 0.0 
Total 80mL 166.4 7.3 2.3 18.8 
Energy %   18.4 12.6 47.5 
 4080 
 4081 
PC:EtOH 12.5% (v/v)      
Component Amount Energy 
(cal) 
Protein 
(g) 
Fat 
(g) 
Starch 
(g) Sustagen hospital formula 22.0g 79.2 5.2 0.8 5.7 
Corn flour 15.0g 54.1 0.0 0.0 13.2 
Selenium yeast  
(83.4mg equivalent to Se 
100µg) 
0.05g 2.2 0.3 0.0 0.0 
Low fat milk 50.0mL 26.5 2.1 0.7 0.0 
Sunflower oil 2.0mL 16.2 0.0 1.8 0.0 
Copper Sulphate (50mM) 33.33µL 0.0 0.0 0.0 0.0 
Ferric Citrate (199mM) 33.33µL 0.0 0.0 0.0 0.0 
Manganese Sulphate 
(303mM) 
33.33µL 0.0 0.0 0.0 0.0 
Absolute ethanol 10mL 56.1 0.0 0.0 0.0 
Total 80mL 234.4 7.6 3.3 18.9 
Energy %   13.6 12.8 33.9 
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